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INTRODUCTION 


It frequently happens that the most controversial frontiers of 
scientific research act as a focal point, integrating the findings in 
many fields of investigation. This is strikingly true of the hetero- 
chromatin problem which, while fundamentally cyto-genetic, cuts 
across almost all aspects of cell function and structure. The nature 
of the cell is an unknown substrate into which the separate disci- 
plines of biological research have been tunnelling for over one 
hundred years. When a tunnel is engineered through a mountain 
or in a river bed, the workers on both sides are aware that they are 
to meet quite precisely and usually at a scheduled time. In bio- 
logical research we do not know, in starting out, exactly in which 
direction we are digging with relation to the other branches of 
investigation, and the meeting points are often a surprise to every- 
one, as has been the case when members of the vitamin-B complex 
were shown to be connected with the respiratory enzyme system. 
Within the last decade there has been a spectacular union of many 
separate tunnels, and this union, it is the purpose of this review to 
point out, if properly appreciated, and what is even more important, 
if properly taught, may provide us with an enriched and simplified 
view of the nature of the cell. 

The first point of union was that between cytology and genetics. 
Early in the twentieth century it became recognized that the 
behavior of the chromosomes in the complex cycle of meiosis, 
syngamy and somatic mitosis parallels not only the essential facts 
of the hereditary continuity and equipartition of parental traits but 
also the Mendelian laws of segregation and independent assortment. 
With critical localization of specific factors on definite chromo- 
somes, the science of cyto-genetics came into existence. There have 
been numerous other points of conjunction, and, as I shall show, 
they are directly or indirectly related to the heterochromatin 
problem. 


THE PERIPHERAL LOCATION OF CHROMATIN AND HETEROCHROMATIN 


In a preceding paper in this journal (145a) I pointed out that 
much of the speculation concerning the nature and function of 
heterochromatin has taken place at the purely genetic and bio- 
chemical level without reference to its topography and distribution. 
As a preliminary to a reconsideration of this topic in terms of its 
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allocation in the cell, I stressed the following points: (a) that 
centromeres and often telomeres are associated with the nuclear 
membrane, and the nucleogenic regions with the nucleolar surface ; 
(b) that these regions are frequently heterochromatic; (c) that, 
conversely, the bulk of heterochromatin occurs in these regions; 
and (d) that to judge from their topography chromosomes appear 
to be tracks or lines of transfer of energy and/or substance between 
the nucleolus and cytoplasm. 

From whatever point we look at it, the mitotic cycle is one of 
expansion and contraction in the degree of surface presented by the 
nuclear chromatin. Whether the metabolic stage is alveolar, 
reticular or a mass of minor chromonemal coils, it is a: maximum 
in surface area and in labyrinthine intricacy of structure. Whether 
or not we view the solid metaphase chromosome as a condensation 
from a previous diffuse state, or as a compact result of maximum 
spiralization, metaphase, with its accompanying dissolution of 
nuclear and nucleolar membranes, is a time of minimum surface 
area and great simplicity in external structure and configuration. 
For the reticular type of nucleus at least, the nucleic acid cycle con- 
sists of alternate expansion (by dispersion or by uncoiling) and 
contraction (by condensation or by tighter coiling) in surface area ; 
regions at or near the nuclear and nucleolar membranes (hetero- 
chromatin) are allocyclic with respect to regions farther from these 
membranes (euchromatin), 1.e., they show differences in their 
nucleic acid cycle, which are in all probability a consequence of their 
more immediate relationship with the cytoplasmic and nucleolar 
environments. 

In Allium, I pointed out, this tendency for the more chromatic 
regions to be located predominantly at the periphery is also true of 
chromosome structure. Where spirals are seen, the gyres are for 
the most part applied against the outer boundary of the matrix. 
Chromatic granules are also conspicuously larger and more frequent 
at this boundary. Again, as the chromosomes attain their maxi- 
mum metaphase chromaticity, they tend to become more and more 
aligned against the nuclear membrane. This property of peripheral, 
or membrane surface, location of heterochromatin is apparently 
shared by chromatin itself in the condensed stage. 

A survey of the literature reveals some interesting data on this 
point. As noted in the previous paper, the tendency of isolated 
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chromosomes to form karyomeres is quite common. Those of 
Fundulus show a predominantly peripheral distribution of chro- 
matin (130). In the vesicles of Vivipara the chromatin is heavily 
concentrated to one edge (119). It is with great frequency depicted 
as circumferentially arranged in telophase reorganization [ (145) 
p. 11, Fig. 2 for Ascaris; (87) Plate I, Fig. 4 for Nereis]. In the 
characteristic protruding lobes of the Ascaris nucleus, the chro- 
mosomes coil along the margins [(145), Plate XII, Figs. 34, 36, 
37a—c]. In the atypical spermatogenesis of the Iceryidae recently 
described by Hughes-Schrader (73), the chromosomes of the hap- 
loid set become closely appressed against the nuclear membrane as 
they undergo telophase despiralization (see especially her Fig. 4). 
A similar appressment against the nuclear membrane occurs in 
vesiculation following fertilization in these forms. These are 
citations from normal conditions, and the list could be added to 
extensively. Such peripheral distribution is also known to occur 
under abnormal conditions. <A frequent accumulation of chromatin 
at the nuclear membrane occurs in cells of the frog embryo exposed 
to hexenolactone (18). 

The honeycomb or vascuolar structure described for the giant 
salivary gland chromosomes (47, 79, 81) may be part of this 
picture, with the chromatin arranged at the periphery of achromatic 
vacuoles ; the same may be true of the heterochromomeres described 
for Chironomus (2, 4) and Drosophila (5), consisting of an 
achromatic core and a chromatic hull. It is also interesting to note 
a lecture report by Dr. Seymour Cohen (29) to the effect that the 
nucleic acid of the phage viruses is also located at the surfaces of 
these structures. 

Similar behavior on the part of whole nuclei may be related to 
this phenomenon. Movement of the nuclei to the surface of the 
egg in the formation of polar bodies ; the drift of blastomeres to the 
surface of the insect egg ; migration of the dividing cells of the plant 
embryo to its outer margins and of nuclei in tissues adjacent to the 
vicinity of a wound; the location of cell nuclei in the outer region 
of secretory glands; frequent peripheral distribution of the nuclei 
in cysts of oogonia and spermatogonia; the radiate arrangement of 
spermatids so that their nuclei lie adjacent to the cyst wall 
(Orthoptera, Hemiptera, etc.) ; the circumferential pattern assumed 
by the trophozoites of Plasmodium falciparum, with the chromatin 
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granule at the surface of the blood cell—all these may have as 
common denominator some as yet unexplained function of chromatin 
or nucleic acid. Again, I find it of interest that the Donovan 
bodies, of granuloma inguinale, which are not yet suitably classified, 
often exhibit a similar cortical distribution as they multiply and 
mature in the endothelial monocytes [ (58), Fig. 12, 4]. 

We have, therefore, a broad and undoubtedly significant char- 
acter of this essential substance. Chromatin at all of its levels of 
integration seems to be associated with the outer surface of the 
structures of which it is part. 


THE NATURE AND FUNCTIONS OF HETEROCHROMATIN 


By far the greater part of thinking and speculation on hetero- 
chromatin has been at the genetic and biochemical level, mostly 
in genetic terms and in connection with genetic phenomena. There 
is, moreover, a great deal of confusion over just what hetero- 
chromatin is, and which regions or structures are heterochromatic. 
The following is a synopsis of the problem, summarizing (I) defi- 
nitions of heterochromatin, (II) regions and structures described 
as heterochromatic, (III) characteristics attributed to hetero- 
chromatin, and (IV) functions attributed to heterochromatin. All 
these points will be reconsidered in the light of the location of 
heterochromatin in the cell, and of its behavior in the mitotic cycle. 
An attempt will be made to show which definitions and which 
hypotheses are supported by this type of evidence and which it 
places in jeopardy. 

I. Definitions 


Before even considering its subdivision into eu- and hetero- 
chromatin, we should be certain of the exact meaning of the term 
“chromatin” itself. Heitz has reviewed this problem (34). He 
cites Boveri’s definition of chromatin as “the substance in the 
nucleus which in mitosis transforms into chromosomes, whether 
strongly stainable, weakly stainable, or not at all stainable’. He 
also quotes Belar’s remark that “chromatin is a matter of neither 
morphology nor staining, but a morphogenetic entity”. It is one 
of those unfortunate malapropisms in nomenclature that a sub- 
stance which can be either chromatic or achromatic should be 
called “chromatin” merely because it was originally identified by 
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its affinity for basic dyes at certain stages of the mitotic cycle. At 
present, using the Feulgen technique as standard, chromaticity is 
identified with the nucleic acid content of chromatin; conversely, 
when chromatin is achromatic, its nucleic acid content is presumably 
low, or obscured by dispersion. 

The terms “euchromatin” and “heterochromatin” are naturally 
confined to chromonucleic acid, since they are intranuclear phe- 
nomena. Heitz first introduced this terminology (63). By his 
original definition, euchromatin is that chromosome substance which 
undergoes the customary telophase dispersion or dissolution. 
Heterochromatin, on the other hand, is that chromosome sub- 
stance retaining its maximum metaphase condensation, or chroma- 
ticity. No difference between the two types is detectable at meta- 
phase either in stained preparations or in the living condition; nor 
does the Feulgen reaction discriminate between the two. The 
distinctions are apparent in prophase, resting stage and telophase. 
In its original sense, then, “heterochromaticity” is synonymous with 
the older term “heteropycnocity” first employed by Gutherz (60) to 
describe heterochromosomes. 

Schultz (134) more or less follows this in defining heterochro- 
matin as “The regions of the chromosomes which stain most deeply 
at interphase. . . .” Pontecorvo’s definition (120) is “. . . chro- 
mosomes or chromosome segments which respond to staining dur- 
ing mitosis in a different way from the rest of the set taken as a 
standard”. (The italics are mine.) 

Darlington and La Cour (37) define heterochromatin as “those 
parts of chromosomes which have the inherent property of failing 
to maintain the maximum nucleic acid cycle at mitosis. . .”. They 
believe the visible difference between eu- and hetero-chromatin to 
be a difference in the timing and/or amplitude of the cyclic staining 
reaction of prophase synthesis and telophase dissolution of chromo- 
nucleic acid. This allocycly is of two types, overcondensation and 
undercondensation. 

White (149) uses the terms “positive” and “negative hetero- 
chromatin” to describe these two states. He associates the former 
with the tightening of the chromonemal spiral, and the latter with 
its loosening up, although that “thickening and spiralization are to 
some extent independent and not merely aspects of the same phe- 
nomenon”. 
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Again, somewhere down the line in the history recounted im- 
mediately above and under JV below, the idea became established 
that heterochromaticity is distinguishable from heteropycnocity by 
the quality of genetic inertness. There was never any formal 
statement of this dichotomy. What happened was that a pro- 
nounced tendency to think in genetic terms effected a translocation 
of meaning. Genetic inertness became synonymous with hetero- 
chromaticity, though many of the structures from which the original 
definition of the term came were never shown to be inert. And 
conversely there are examples where heterochromatic regions are 
genetically active (see JV A below). 


IT. Regions and Structures Described as Heterochromatic 


A. Parts of chromosomes 
1. Chromocenters 
(a) individual chromocenters (e.g., distal chromocenters 
of Allium) 
(6) compound chromocenters (Drosophiia salivary gland 
nucleus) 
2. euchromocenters (prochromosomes) (euchromocentric 
nuclei of plants) 
3. polar granules (e.g., Phrynotettix) (146) 
4. polar caps (e.g., Batracoseps and Stauroderus) (76, 33) 
5. conditions intermediate between 1 and 4 (e.g., proximal 
chromocenters of Allium) 
6. trabants 
7. nucleolus-organizing regions (e.g., Zea) (97) 
8. detached nucleolus-organizers of the Bufo oocyte (114) 

9. bulbs and puffs and regions producing the Neben-nucleoli 
of Chironomus and Sciara (4, 6, 122) 

10. Balbiani’s ring (Chironomus) (4, 6, 122, 2) 

11. intercalary heterochromatin, as in salivary gland chromo- 
somes of various Diptera (e.g., Drosophila pallidipennis) 
(44) 

12. chromomeres 


B. Whole chromosomes 


1. sex chromosomes 
2. megameric chromosomes (Orthoptera) (146, 21) 
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3. supernumerary chromosomes (¢e.g., B-chromosomes of 
Zea) (90, 82) 

4. limited chromosomes (Sciara) (99) 

5. compound chromosomes (¢.g., Gossyparia) (131) 


III. Characteristics Attributed to Heterochromatin 
A. Heteropycnocity 


B. Allocycly (37) 


C. Sensitivity to External Conditions. This has been discussed ex- 
tensively in the recent paper ; such sensitivity may express itself as: 


1. increase in size or prominence of heterochromatic areas ; 

2. disturbance in allocycly ; differences in allocycly according 
to sex or tissue belong under this head (120) ; 

3. effects attributable to heterochromatin, as increase in 
nuclear size, etc., which are treated under JV below. 


D. Genetic Inertness. The criteria are: 


1. deficiencies and duplications of inert chromosomes; seg- 
ments without marked phenotypic effect (120, 38) ; 

2. absence or rarity in these regions of spontaneous or in- 
duced mutations (38), interpreted as an absence or rarity 
of genes “detectable by sharply alternative effects of differ- 
ent allelomorphs” ; this can more logically and sequentially 
be treated under the functions of heterochromatin. The 
subject will therefore be more extensively considered 
under JV (120) below. 


E. Changes. Although deficient in spontaneous and induced mu- 
tations, on the basis of cytologic and genetic evidence, hetero- 
chromatin has been thought to undergo both spontaneous and 
induced structural change more readily than other parts (40, 39, 
78, 126, 7, 108, 109, 125). Mather (93) finds that while crossing 
over in both eu- and hetero-chromatin is dependent on the distance 
from the centromere, “the high sensitivity of crossing over to 
temperature is a property of heterochromatin”. It has also been 
suggested that there may be some correlation between this frangi- 
bility and the fragility of heterochromatin under cytological treat- 
ment. E may be considered a corollary of C above. 
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F. Absence or Presence in Chiasmata Regions. Darlington’s sug- 
gestion that heterochromatin tends to appear in regions where 
chiasmata are rare—since where chiasmata are absent, recombina- 
tion is likewise absent and genes would therefore mutate to inertness 
in these regions—has been reviewed by Callan (20) who finds the 
situation much more complex, some cases showing an absence of 
chiasmata in heterochromatic regions, while in others chiasmata 
form in the heterochromatin. Callan states that Darlington has 
made the additional proviso that in the latter cases the hetero- 
chromatin in the chiasmata-forming regions is “adapted to regulate 
the crossover frequency in active regions nearby”. My own belief 
is that in the matter of chiasmata we are on very uncertain ground. 
The problem is paralleled by that of formation of chiasmata in 
centromere and telomere regions. In some cases chiasmata are 
formed in these regions; in others they are not. It is very difficult 
to decide whether we are dealing with the properties of a locus 
or a condition of the chromatin. Again, actual chiasmata are very 
difficult to separate from the unwinding of relational coils, which 
takes place through meiosis. I therefore consider this property as 
among the least clearly established of the many which have been 
described for heterochromatin. 

G. Concentration in the Centromere Area. A tendency has been 
noted for heterochromatin to be concentrated in the centromere 
region (38, 20). Dobzhansky (44) cites this as the norm for the 
genus Drosophila, with certain v~riations and exceptions. Levan 
(85) finds this true of the heterochromatin of Allium, which con- 
firms the deduction that the centromeres are located at the nuclear 
membrane in the reticulate, as they are in the euchromocentric, 
type of plant nucleus, since these proximal heterochromatic blocks 
maintain visible association with the nuclear membrane throughout 
interphase and early prophase. Even the tiny chromosomes of the 
fungi may exhibit the same arrangement. In Neurospora the two 
main heterochromatic segments are located adjacent to the centro- 
mere (98). 

This whole tendency has been stated in another way in reports 
“that sections adjacent to the centromere in mitotic prophase figures 
are heteropycnotic” (71, 34, 64, 65, 149). On the other hand, the 
concentration has been reported as at the distal end in Trillium 
(37). The overall picture, as stated by Schultz (134), is that 
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“chromocenters . . . are most evident at the spindle fiber attach- 
ment and at the ends of the chromosomes”. 
H. Tendency to Cause Euchromatic Changes. Heterochromatin 
has been described as causing euchromatic changes, with conse- 
quent disturbance of genetic function (111, 22, 126). Others have 
failed to repeat these results, finding instead a random variation 
which is unaffected except in one case, a known band translocated 
to the vicinity of the chromocenter. Dobzhansky (44), however, 
reports such influences as exerted even under normal conditions. 
Euchromatic portions of the X in Drosophila pallidipennis, which 
are immediately distad of the large proximal heterochromatin block 
imbedded in the chromocenter, show “considerable fluctuation in 
the boundary between euchromatic and heterochromatic parts”, 
and “the rate of nucleination of the euchromatic sections seems to 
depend upon proximity to the heterochromatic ones”. Prokofyeva- 
Belgovskaya (125) states for D. melanogaster that “The general 
morphology of the inert region of the X can in some cases be 
profoundly modified due to the proximity of the chromocenter”’. 
Caspersson and Schultz (22) show experimentally that the increase 
in nucleic acid content in euchromatic regions transplanted next to 
heterochromatic regions is proportional to the intervening distance. 
That is, an increase occurs which is greatest close to the hetero- 
chromatic regions and less further away. See, however, Schultz’s 
later views under JV E. 
I. Tendency to Divide Slowly. Heterochromatic regions have been 
described as dividing more slowly than euchromatic regions (135, 
10, 53, 151). 
J. Tendency to Flow or Clump Together. A tendency has many 
times been noted for heterochromatic regions to flow or clump to- 
gether, as in Dipteran chromocenters and the polar cap of Staure- 
derus (33); or for non-homologous chromosomes to associate at 
their heterochromatic regions. This has been attributed to a certain 
property of “stickiness” and also to the presence of “similar” genes 
in these regions. On the other hand, and of especial interest in 
connection with G above, Ribbands (129) has amassed considerable 
data to show that in at least one form, the association is really by 
centromere and telomere ends located on the nuclear membrane 
rather than due to heterochromatin. 

Somewhat conversely, a lack of complete contact has been noted 
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in totally heterochromatic chromosomes, which has been designated 
“conjugation at a distance” ; again, these chromosomes differ in the 
duration of synapsis. The literature on these topics is reviewed by 
Resende (128). His own conclusion is that these phenomena are 
merely aspects of the asynchrony of allocyclic behavior, and that in 
the last analysis, euchromatic and heterochromatic synapses are 
identical. 

K. Spiralization. The idea of heterochromaticity as correlated 
with degree of spiralization (149) has not received much support. 
Darlington and La Cour (37) find heterochromatin segments the 
same length when under as when normally charged, and conclude 
that “nucleic acid seems to have no necessary relation to spiraliza- 
tion”. Muller and Prokofyeva (104) suggest that heterochromatic 
regions are devoid of spiralization, which would tie in with the sup- 
posed dependence of “stickiness” upon non-polymerization. Callan 
(20) reviews the question and, on the basis of further evidence, 
concludes that spiralization may or may not occur in heterochro- 
matin, according to the species and the stage of the nucleic acid 
cycle, and that “if it is utterly deficient in nucleic acid throughout 
the cell cycle it cannot spiralize”. The spiralization cycle is con- 
nected with L below. 

L. Alveolar or Linear Structure. If one analyzes the various de- 
scriptions of the finer structure of the heterochromatin of the salivary 
gland chromosomes, it will be clear that it manifests the same pe- 
culiarity as euchromatin in showing under different fixations, and 
possibly with differing interpretations, sometimes an alveolar ap- 
pearance with darker material surrounding achromatic droplets 
[e.g., Fig. 2a (64)]; sometimes a linear structure with chromo- 
mere-like bodies and intercalating strands [e.g., Fig. 2 (125)]; and 
sometimes a stage between these with alveoles and intercalating 
threads [e.g., Fig. 5 (5)]. The pictures of Heitz (64), Bauer (4, 
6) and Poulson and Metz (122) all confirm the latter author’s 
opinion that “since it is known that both chromatic and hetero- 
chromatic regions behave the same with Feulgen reaction, the dif- 
ference lies in the distribution of the chromatic material with re- 
spect to the achromatic”. These all seem to illustrate an alveolar 
interpretation for the heterochromomeres, as these were first 
named (6). Prokoyeva-Belgovskaya’s picture (125) of chromon- 
ema with granules, the latter in regular alignment and forming, as 
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; 
would be expected of humologous chromomeres, continuous rows 
across the synapsing X and Y, seems to support her supposition 
that “the chromonema of the Y chromosome and that of the X 
chromosome have essentially the same structure as the chromon- 
ema of euchromatic parts of the chromosome”. Moreover, she 
finds the distance between the chromomeres of the Y-chromosome 
to be the same as that between the discs of the euchromatic parts of 
the chromosomes—+.e., that the number of chromomeres per unit 
length is the same in the heterochromatic Y as in the euchromatic 
regions of the autosomes. This will be seen to reflect the view 
(17) (81) that the salivary gland chromosomes are polytene struc- 
tures, the darker bands of which are formed by the parallel align- 
ment of Feulgen-positive chromomeres. The interpretation of both 
eu-and heterochromatin in Simulium (117) is that both consist of 
chromomeres varying from small solidly chromatic granules to al- 
veoles with a chromatic hull and achromatic core, strung out like 
beads on chromatic strands, with the heterochromatic regions more 
spread out, and with their chromomeres more irregular in size and 
spacing than the euchromatic. 

This picture, together with those of Metz and Poulson, seems 
to open to serious question the distinction (6) between euchromo- 
meres as compact granules and heterochromeres as alveoles. It 
also jeopardizes, at the visible level, Pontecorvo’s theory (120) that 
the lesser differentiation of heterochromatin is due to its being made 
up of “repeated replicas of a single type chromomere”, and his ac- 
companying theory of allocycly as owing to the nucleic acid cycle in 
euchromatin “as an expression of an average of differing chromo- 
meres”, while that of heterochromatin is “pure”, and hence out of 
step. If we consider his “chromomeres” as the invisible genes, 
however, the theory might conceivably be maintained. 

The picture of the finer structure of heterochromatin is thus one 
of variability, relativity and complexity, and not a little confusion. 
As noted, in these respects it is not much different from the eu- 
chromatic areas of the salivary gland chromosomes, about whose 
finer structure there are likewise many different interpretations. 
On the other hand, on genetic grounds, heterochromatin has been 
assumed to be less differentiated than euchromatin (120). Cas- 
persson and his co-workers, on the basis of ultra-violet absorption 
data, consider heterochromatin to be made up of identical or simi- 
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lar genes, and that the greater uniformity is due to the simpler 
histone composition of the protein moiety as opposed to the globulin 
nature of euchromatic proteins (135, 136). 

M. Existence in Two Types. Heterochromatin has been described 
as consisting of two types. The distinction between a permanent 
and a temporary heterochromatin has already been noted. Resende 
(128) discusses this dichotomy with examples from his own experi- 
ence which lead him to believe that the temporary chromocenters 
are distinguishable from the permanent solely by their behavior. 

Heitz (66) describes the heterochromatin of Drosophila virilis 
as occurring in the form of a more compact alpha type heterochro- 
matin and of a more diffuse beta heterochromatin. The alpha 
type is apparently identical with the compact chromocenter ap- 
pearing in the somatic cells, while the looser beta heterochromatin 
is invisible in somatic nuclei and may be formed terminally during 
the growth of the salivary gland chromosomes. The alpha type 
apparently does not undergo growth in the salivary gland nuclei 
and forms only a small compact and proximal part of the chromo- 
center. The beta type constitutes the bulk of the chromocenter 
and the bases of the chromosomes. Heitz believes that alpha 
heterochromatin is genetically inert. Pavan (118) currently re- 
views this problem in reporting two distinguishably different types 
of heterochromatin in Drosophila nebulosa. One type shows “re- 
latively little in the salivary gland chromosomes in proportion to 
the euchromatin in the mitotic chromosomes”, while the other be- 
comes reduced from a considerable area in the mitotic chromosomes 
to merely a few heterochromomeres in the salivary gland nuclei. 
He states that no homology can be drawn between these and the 
alpha and beta chromatin of Heitz because the latter types cannot be 
localized. A similar reduction in the extent of a definite area in 
the chromosomes of the salivary nuclei over that occupied by the 
same region in somatic nuclei has reported by other workers (71, 
106). 

This will be discussed more fully under the functions of hetero- 
chromatin. In studies of the abnormal lampbrush structure of 
Drosophila induced in salivary gland chromosomes by treatment 
with urea and NaOH, differences have been detected between the 
terminal heterochromatin and that of intercalary regions. Other 
cases where two types of heterochromatin occur are discussed by 
Resende (153). 
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It has been suggested that heterochromatin is merely euchroma- 
tin protected by kalymma which inhibits genetic action and protects 
the chromonemata from fractures, inversions and translocations. 
Resende (128) comments that although the theory is not contra- 
dicted by any of the data, nevertheless, kalymma is not observable 
in the salivary gland heterochromatin. I may add that, on the 
contrary, it is at the extreme proximal heterochromatic end that 
chromosomes are in contact with the boundaries of sheaths when 
these are present, as in the monosomes of the Orthoptera. 

. IV. Functions Attributed to Heterochromatin 

Since structure and function are inter-related there is a certain 
unavoidable overlap between III and IV. 

A. Genetic Inertness. The first function assigned to hetero- 
chromatin was the negative one of genetic inertness. The present 
status of this concept was arrived at in a series of steps. Because 
of the stages through which it has passed, the term “inertness” is 
not clearly understood in all quarters, and a review of its history 
is therefore in order. 

The Y-chromosome of Drosophila has been considered inert for 
some time (140), as have the supernumerary or B-chromosomes of 
Zea mays (39). By means of translocation and mutation fre- 
quency studies, the X-chromosome of Drosophila melanogaster was 
differentiated into a genetically active and a proximal inert region. 
(110). Dobzhansky’s chromosome map of the same species, which 
appeared the same year (43), localized nearly all the sex-linked 
genes in the distal 2/3 of the X. Because the proximal 1/3 con- 
tained only one gene, bobbed, it was considered inert in the same 
sense as the Y. Heitz (64, 65), noting that this proximal region 
is heterochromatic and that it occurs in many Drosophila species, 
suggested that genetic inertness is a property of heterochromatin. 
The criteria for this inertness are summarized by Darlington and 
La Cour (38): “... first, our inability to correlate any effect on the 
forms or functions of animals or plants with the presence or absence 
of inert parts: secondly, the absence of any spontaneous or induced 
mutations in these parts...” The problem was posed at the outset 
(110), whether these inert regions consist of a full complement of 
genes, most of which are inactivated or degenerated, or whether 
only a few active genes are present, with much accessory material. 
The evidence pro and con on this point was reviewed by Muller 
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and Gershenson (105). These authors concluded on the basis of 
the evidence from breakage, involving inversions and transloca- 
tions which indicated that a definite part of the inert region ac- 
companied the active gene “bobbed” as a block, that such regions 
in the Y and X do “not consist of a row of degenerated genes in 
single file”, but rather “of non-genic material derived from a few 
active genes between which breakage takes place much more readily 
than between genes in the. . . active region”, and that in conse- 
quence there is a definite structural difference between eu- and 
heterochromatin. This hypothesis was strongly supported by the 
following : 

1. the heterochromatin of Drosophila salivary gland nuclei has 
been found to consist of fused terminal heterochromatin ; 

2. the Y is represented by only a short segment of the salivary 
gland chromosome, probably the genetically active part; 

3. in the salivary gland nucleus the inert region of the X (desig- 
nated XI) consists of rows of discs spaced at regular intervals, 
as in euchromatic regions, but the XI and the Y are very short, 
with relatively few discs and therefore with relatively few active 
genes. 

Later it was established that “bobbed ” is separable from the 
heterochromatin block ; nevertheless, the evidence brought forth in 
this paper indicated the bulk of the inert regions at mitosis to be 
due to a very few genes. The authors suggested that “the most 
characteristic property of this region seems to lie in the attraction 
of its loci for other loci so as to result in the tendency to form a 
chromocenter”, and that “it would be better to term these regions 
‘chromocentral’ regions rather than ‘inert regions’”. They af- 
firmed their recognition, however, that these regions do not always 
form chromocenters [e.g., Chironomus, (4, 6)] and that they are 
genetically inert in the sense of containing few active genes. 

Three pieces of contradictory evidence exemplify the confusion 
in which cytogenetics finds itself in this problem. Hinton (71) 
showed that the bulk of the heteropycnotic regions adjacent to the 
centromere in chromosome 2 of Drosophila melanogaster are re- 
duced to one band in the heterochromatic region of the salivary 
gland chromosome, while conversely the bulk of the heterochromatic 
band in the salivary gland chromosome is constituted from a small 
euchromatic area distal to the heteropycnotic region in the mitotic 








522 THE BOTANICAL REVIEW 


chromosome. He refers to this area as “heterochromatin”, de- 
spite its euchromaticity. Again, it has been stated (52) that, al- 
though the inert regions very closely coincide with heterochromatic 
ones, the proximal 1/3 of the third chromosome in Drosophila virilis 
is also inert, though euchromatic according to Heitz. Again, the 
heterochromatic X-chromosome in Sphaerocarpus produces fre- 
quent mutations with marked phenotypic effects (68). 

Further evidence for the genetic activity of heterochromatin, 
particularly in mosses, is cited by Resende (128). He calls at- 
tention to the fact that in mosses, Heitz in 1942 (68) demonstrated 
the inviability of nuclei deprived of even small quantities of hetero- 
chromatin. 

The concept of the genetic inertness of heterochromatin thus 
underwent a change from the notion that these regions are chains of 
non-functional genes which have mutated to inertness because of 
the heterozygous condition of the chromosome, to the idea of a 
seriation of blocks of inert accessory material produced by active 
genes. A parallel modification in the ideas concerning the nature 
of this inertness took place in another direction: 

1. Caspersson and Schultz (22), as will again be noted under 
D below, suggested that the apparent genetically inert and non- 
specific character of heterochromatin is merely the consequence 
of its specialization in performing a function also performed by 
all the other genes, namely, synthesis of nucleic acid. 

2. Darlington and La Cour (38) reasoned from the fact that so- 
called “inert genes” are usually in a constant position on a given 
chromosome, and from the existence of inert chromosomes in equi- 
librium in the populations of many species, that they must have se- 
lective value and hence some genetic function. 

3. Darlington carried this general idea further, and the passage 
is worth quoting in full: “Dimunition in the individual and equi- 
librium in the population are therefore two properties of inert 
chromosomes related to their dependence upon being useful with- 
out being indispensable. This condition of usefulness brings us 
back again to the notion that they are not indeed inert, but rather 
non-specific in their activity ; that the different products do not take 
place in a series of specific reactions co-ordinated in time and space, 
with those of different active genes, but rather take part indis- 
criminately in all gene and cell reactions”. 


| 
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We find this idea of genetic inertness undergoing still further 
refinement. Mather (94, 95), on purely genetic grounds and to 
account for the two types of inheritence, one qualitative by sharp 
phenotypic differences exhibiting variation, and the other quanti- 
tative, by small cumulative differences, postulated the existence 
of two types of gene, viz., the mono- or oligogenes, i.e., the major 
mutants or qualitative genes which produce significantly measurable 
changes and give rise to known Mendelian ratios; and the poly- 
genes, producing similar and small more or less additive effects 
which cannot, as can the former, be individually recognized. The 
major genes act as “switch genes” in development, sending the or- 
ganism along one of several possible paths. The polygenes, in 
collaboration with other gene systems, serve as buffers to “delimit 
the possible paths with greater or less precision”. 

Later, Mather (96), citing evidence from genetic experiments 
with the Y-chromosome, extended this hypothesis with the assump- 
tion that the suspected genetical activity of heterochromatin is largely 
polygenic in its nature. He described polygenic combinations as 
having two important properties, balanced combinations within 
chromosomes and a tendency to a certain amount of recombination, 
thus “combining a high degree of present fitness with the possibility 
of future change”, and concluded that “the observed. . . properties 
of polygenic combinations exactly reproduce those of the super- 
numerary chromosomes. The latter are in fact a cytological em- 
bodiment of balanced polygenic combinations”. 

Hence Mather attributes to heterochromatin, as supernumerary 
chromosomes, and in the Y-chromosome of Drosophila, the function 
of bearing polygene combinations. 

The phenotypic expression of polygenes has been described as 
easily modified by environmental changes or differences 

B. Regions of Synthetic and Metabolic Phenomena. Darlington 
(36) and Caspersson and Schultz, together with their co-workers 
(135, 136, 22), believe that heterochromatic regions are centers of, 
or controlling factors in, nucleic acid synthesis—of chromonucleic 
acid in the chromosomes and of plasmonucleic acid in the nucleolus- 
organizing region. The ribonucleic acid passes into the cytoplasm 
where it is concerned with protein metabolism as is evident from 
its high concentration in growing tissues and tumors. (24, 23). 
The evidence for this lies: 
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1. in the frequent topographical relationships between nucleoli 
and heterochromatin ; 

2. in the fact that ultra-violet analysis indicates heterochromatic 
regions to have a high histone content, as does the nucleolus (135, 
136, 30,) ; the assumption is that histones are the precursors of 
the protein moities of the cytoplasmic nucleic acid; 

3. in the fact that in Solanum increase in heterochromatic seg- 
ments produces a corresponding increase in the nucleolus (84) ; 

4. in the fact that in Drosophila addition of a Y-chromosome in- 
creases the concentration of the ribo-nucleotides in the nucleolus 
and cytoplasm (22). 

Opposing evidence is at hand in the fact that in Zea the hetero- 
chromatic nucleolus-organizer, when split by radiation into two un- 
equal parts, bears the larger nucleolus on the smaller fragment, and 
vice versa (97). Again, nucleoli appear in nuclei which are very 
poor in heterochromatin. Fernandes and Serra (51) try to get 
to the bottom of this contradictory evidence by analyzing the rela- 
tive effects of euchromatic and heterochromatic supernumeraries 
in Narcissus in increasing the size of the nucleus and the size of the 
nucleolus. They report that both euchromatin and heterochroma- 
tin increase the size of the nucleus proportionally and the nucleolus 
exponentially, but that heterochromatin is more effective in both 
cases. Most of the data are explained by assuming that hetero- 
chromatin has a more accelerating effect upon metabolism than 
does euchromatin. The situation in Zea remains unexplained but 
may serve as evidence in a related problem, as will later be seen. 
A high plasmonucleic acid concentration has been described in the 
cytoplasm of the Drosophila egg (22). In the toad egg the Feul- 
gen-positive granules previously mentioned in connection with the 
orientation of chromatin detach themselves from the chromosomes 
and collect toward one end of the germinal vesicle (114). The 
authors in this case consider such granules to be heterochromatin 
because of their tendency to associate in clumps and because of 
their subsequent activity as discrete and independent nucleolar or- 
ganizers, producing small nucleoli. Eventually they arrange them- 
selves along the periphery of the nucleus, with the granules direc- 
ted to the outside, the nucleoli within. As strikingly again, the 
membrane of the germinal vesicle becomes wavy, and the granules 
with their attached nucleoli occupy the resulting “finger-like pseu- 
dopodia”’. 
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The situation in Allium is of interest here. It may be observed 
in Fig. 1 of my foregoing paper that the upper nucleolus has a 
heterochromatic body contiguous to it and to the nuclear membrane. 
The lower nucleolus presents the same picture, since the larger of its 
two acolytic granules is actually at the nuclear membrane surface 
on the upper level. The nucleoli of all cells of the Allium root tips 
are with great frequency, though not always, located near the nu- 
clear surface, and when they are, at least one of the two or more 
accompanying heterochromatic granules lies between the nucleolus 
and the membrane, usually touching the latter. A rarer but still 
not uncommon picture is that of a long thread-like chromatic pro- 
jection reaching from a more centrally located nucleolus directly 
to the nuclear periphery. These various configurations are best 
seen in iron-haematoxylin preparations. In Fuelgen slides the 
boundaries of the nucleolus are indistinct, and it is difficult to dis- 
tinguish heterochromatin from euchromatin. The resemblance in 
the haematoxylin pictures to the final position assumed by the de- 
tached nucleoli in the toad’s egg, however, is striking. This con- 
figuration is also reminiscent of the trophazoite stages of Plas- 
modium where the chromatin granule is often located at the sur- 
face of the blood cell. 

To continue with the story in the toad’s egg, new granules 
with attached nucleoli continue to arise in the heterochromatic 
regions of the chromosomes and to migrate to the periphery. Al- 
though these do not seem to be extruded into the cytoplasm, Painter 
and Taylor, using ribonuclease and Unna’s stain, confirm Caspers- 
son and Schultz’s observations on the sea urchin egg (24) in finding 
that the cytoplasm just outside the membrane is rich in plasmonucleic 
acid. Indeed in this egg “there is a very large amount of it with 
a very sharp gradient, the color being most intense next to the 
nuclear membrane and shading off toward the cortex”. The 
authors conclude that “the heterochromatin granules and the nu- 
cleoli associated with them are part of a mechanism for laying 
down of ribonucleic acid in the cytoplasm of the toad’s or frog’s 
egg”. 

The above evidence brings into relief the view (136, 25, 132) that 
the basic cytoplasm of the cell is the product of heterochromatin. 
The concept is an important one and in need of amplification and 
elucidation. 
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C. Transformation of Euchromatic Regions. The property of 
transforming euchromatic regions, translocated to its vicinity, into 
heterochromatin is paralleled by the production of definite genetic 
effects. Genes thus changed to a position near the heterochromatin 
of the centromere region exhibit a position effect: their phenotypic 
expression varies somatically in a rather irregular way in various 
body tissues, giving rise to mosaic types, a phenomenon known in 
its class effect as “ever-sporting displacement” (108, 109, 134, 111, 
22, 126, 132, 113, 41, 42, 56). 

From the papers of Schultz (134, 22, 132) the following facts 
concerning such variegation and its cytological correlations are 
summarized : 

1.Variegated races have chromosomal arrangements involving 
the heterochromatic regions (22). 

2. The breaks involved occur at these heterochromatic regions. 

3. The effects are both on the genes in the heterochromatin and 
on those juxtaposed to it (134). 

4. Only those genes whose loci are quite close to the break are 
affected (132). 

5. “The closer the gene to the point of breakage the more ex- 
tended the variegation, the earlier the development occurs, and the 
more extreme is the allelomorphism in those cases where allelomor- 
phic series are distinguished” (134). 

6. Cytological correlations have been established in some cases. 

For hypothetical example, where genes a, b and c have been trans- 
located to a position adjacent to the heterochromatin, with gene a 
nearest to it, gene a exhibits the most pronounced variegation, and 
its corresponding band may be disarranged, even to the point of 
virtual disappearance. Gene b manifests lesser variegation, and 
its band shows an increased nucleic acid content, appearing darker 
in ultra-violet and Fuelgen analysis. Gene c, with normal pheno- 
typic expression, is correlated with a normal band (134). 
7. Breaks which transpose heterochromatin from its normal centro- 
mere region remain associated with the chromocenter, notwith- 
standing. When heterochromatin is inserted between two euchro- 
matic regions, the chromosome forms a loop, with the heterochro- 
matin in its new position still imbedded in the chromocenter, as is 
the heterochromatic region near the centromere. In the case of 
Plum 2 heterozygotes “all the broken portions of the chromosomes 
are joined at the chromocenter” (134, 132). 
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8. As a converse of 5, removal of variegation genes from proxi- 
mity to heterochromatin to a locus adjacent to euchromatin restores 
their expression to normal (134). 

From a personal consultation with Schultz on several points 
which I considered uncertain in the papers from which the above 
data were taken, I derive that he has altered his view in one or 
two cases. In his 1936 paper (132) Schultz said “The evidence 
seems adequate to establish the rule that variegations are associated 
with abnormal chromosome configurations of the salivary 
gland chromosome caused in these cases by the aggrega- 
tion of inert regions to one chromocenter”. Since that time he 
has become more inclined to attribute the effects to the inductive 
action of the heterochromatin itself, whose non-specific properties 
are somehow transmitted to euchromatin translocated in its vicinity. 
In 1939 (134) he stated that in such translocations “. . . an in- 
crease in nucleic acid occurs which is greatest close to the hetero- 
chromatic area, the greater the nucleic acid content”. From 6 
above, on the other hand, it is obvious the gradient is not one in 
nucleic acid content, since the point nearest the heterochromatin 
which produces the sharpest variegation is most completely dis- 
arranged, sometimes to the point of apparent absence, and hence 
must have a lesser rather than a greater nucleic acid content. It 
is the next adjacent band, showing more moderate variegation, 
which shows up darker in ultra-violet and Feulgen techniques, and 
hence must have the greater nucleic acid content. The bands 
beyond these being normal in phenotypic expression and cytological 
appearance, the gradient seems to be one of degree of change in 
nucleic acid content, rather than in absolute nucleic acid content. 
Schultz warns that, since many of these conclusions are made from 
specific observations in specific cases, generalizations should be 
made with caution. Again, in his 1939 paper (134) he says “To 
dissociate position effect and gene interaction . . . where the effect 
of the new translocation by itself is not known, is rather difficult”. 

Studies on the effect of heterochromatin on the Notch locus in 
Dresophila melanogaster (41, 42) add two more points to the 
above: 

9. Heterochromatin induces unstable changes and “may affect a 
number of adjacent loci, which effects may be separated from the 
point of attachment by a number of bands, while euchromatin 
affects only one locus, close to the break, and in a stable manner”. 
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10. “Different regions of the heterochromatin differ in their 
potentiality to produce mottling . . . heterochromatin is more 
effective if attached to the spindle fibre region . . . the nucleolus 
organizing region has a high potentiality of inducing mottling, but 
only when it is located in its normal position near the spindle fiber” 
(41). And again, “ .. . quality of the heterochromatic region 
as well as its relation to the centromere and its quantity are all 
important factors in determining mottling”. 

D. Other Functions. 

1. Not only does heterochromatin appear to have an effect di- 
rectly upon genes adjacent to it, but in the phenomenon of varie- 
gation it plays a transchromosomal role. Addition of an extra 
X or Y or arms of the latter to the ordinary complex results in 
suppression of the mosaicism normally induced by such transloca- 
tions as have been described (e.g., 132, 133). “In all cases extent 
of variegation increases as the Y chromosome is lowered” (132). 
Add to this the data in E and the heretofore mentioned increase 
in plasmonucleic acid which occurs with addition of a Y-chromo- 
some (22). Schultz summarizes the effects of heterochromatin 
as changing the nucleic acid content in band of the same chromo- 
some, in bands of other chromosomes, or the amount of substances 
related to nucleic acid in egg cytoplasm. 

In addition to its effect upon the nucleic acid cycle, chromo- 
somal and cytoplasmic, Schultz believes that the heterochromatin 
of the Y-chromosome may affect the non-chromatin parts of the 
chromosomes, since he reports an increase in turgor and sharpness 
of stain with increasing numbers of the Y in different individuals 
(132). Again, however, in personal conversation he states that 
the evidence in this case too is insufficient for broad generalizations. 

2. Noujdin (113) attributes a trans-individual action to hetero- 
chromatin. For one thing he maintains that “one of the peculiari- 
ties of heterochromatin is a maternal effect . . . extra hetero- 
chromatin of the mother greatly decreases the development of 
mosaic individuals among those of her offspring that have no extra 
heterochromatin”. He reports finding a paternal effect of this 
type also, and states that “the two types of influence are inherent in 
all mosaic forms of the type of eversporting displacement”. I cite 
this work in juxtaposition to that of Schultz and Demerec with the 
former’s personally communicated reservation that it is difficult 
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to evaluate these findings and the theory of the effects of structural 
homo- and hetero-zygosity that accompanies them. My own ob- 
jection is that the English versions are unaccompanied by specific 
data. 

3. Schultz (134) states that “the genes controlling the size of 
the heterochromatic region of the X at metaphase are located in 
a few bands of the salivary gland chromosomes (106). The locus 
seems to be the same as that of the nucleolar organizer (38, 42). 
According to the work of Neuhaus (112), the situation in the 


_ Y-chromosome may be similar, with the large metaphase block 


proximal to the spindle attachment. 

4. A gene has been described controlling the rate of mutation in 
Drosophila persimilis, which depends upon the presence of the 
heterochromatic Y for its effects; in the absence of the Y, it is 
without effect. This mutator gene is borne at the distal end of 
chromosome 2 ((92). 

5. A role in neoplasia has been ascribed to heterochromatin. 
Darlington and Thomas (40) reason that because of the structural 
changes which heterochromatin is prone to undergo, it might 
establish malignancy in cells by stimulating recurrent mitosis. 
Koller (80), on the basis of cytological analysis of numerous 
neoplasms in a variety of human tissues, concludes that neoplasms 
are brought on by disturbance in nucleic acid metabolism leading 
to an excess and that this may be caused by gene mutation or 
alteration in heterochromatic regions which are specialized in 
nucleic acid synthesis. The heterochromatic regions in the cells 
of these tissues (correctly to interpret his term “chromatin nu- 
cleoli”) diminishes in proportion to the Feulgen-negative nucleoli 
with development of the neoplasm. Caspersson et al (25, 26) 
believe heterochromatin plays a specific role in carcinogenesis. 
They find that in the cytoplasm of tumor cells the amount of 
plasmonucleic acid varies in different parts of the same tumor, and 
is larger where growth is more rapid. Their assumption with 
Schultz (23) is that both in this case and in the large amount of 
ribonucleotides in growing tissue, the heterochromatin elaborates 
the histones and ribonucleotides of the nucleolus, which pass through 
the nuclear membrane to the cytoplasm. The problem is, of course, 
merely part of the broader problem of the role of chromonucleic 
acid in neoplasia, which has occupied much research and provoked 
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considerable speculation. The results, which have been adequately 
summarized by Stowell (141), are contradictory and inconclusive. 
There is no critical histo- or cyto-chemical evidence sustaining the 
above conclusion, made from observation, to the effect that an 
increase in chromonucleic acid occurs as a general rule in tumor 
tissue, although it does so in some cases. On the other hand, 
polytene chromosomes are widespread in mammalian carcinoma 
(11), and such increase would, of course, involve increased nucleic 
acid content. And one finding which is consistently supported by 
a growing body of evidence is that nucleic acids and nucleotides 
have a growth-promoting effect on cells. The literature in this 
field is reviewed by Stowell (141). 

6. Although hardly a function, the view that heterochromatin 
must play an important part in speciation is entered here (128, 
150). The data on heterochromatin as a phenotypic character is 
reviewed by Resende (128). Although differences in amount and 
kind of heterochromatin do exist between races and species, this 
cannot be critical in the broader categories, because both reticulate 
and euchromocentric types of nucleus are found in the same 
families (150). But it should be considered, along with the other 
tools of cytotaxonomy, on the general ground that anything of 
importance in cell metabolism may ultimately be of value to the 
systematist. 

Resende (128), in view of the fact that not all plants exhibit the 
negative heteropycnocity, or “nucleic acid starvation” of Darling- 
ton and La Cour (37), suggests that the capacity to do so may be 
correlated with a sort of specialization for surviving low tempera- 
tures on the part of plants not ecologically specialized for cold 
regions. I might remark here that Resende considers Darlington 
and La Cour’s identification of the special segments exhibiting this 
negative heterochromaticity at metaphase, with the positively 
heterochromatic chromocenters of resting stage, as purely inferen- 
tial. In view of the persistence of orientation, however, I do not 
know what else they could be. 

Noting the resemblance of these negatively heterochromatic 
areas to the constrictions which are not of nucleolar origin, Resende 
places them with a separate classification which he has set up to 
delimit these structures from either hetero- or euchromatin— 
namely, “olistherochromatin”, which includes the primary con- 
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strictions and secondary constrictions, nucleolar and anucleolar. 
It will be noted that I have not included primary and secondary 
‘onstrictions in the list of structures called “heterochromatic,” 
although by strict definition they are regions exhibiting differen- 
tials in nucleic acid content and/or cycle. Because they have been 
considered as constrictions, i.e., as attenuations of chromatin, they 
have not generally been listed as either eu- or heterochromatin, 
and Resende’s separate category is justified. That Darlington and 
La Cour’s nucleic acid starvation regions should be included with 
these, however, is a questionable point. 

I have thus reviewed the definitions, examples, properties and 
functions of heterochromatin. The task at hand is their revalua- 
tion in the framework of cell topography. Preliminary to this, in 
turn, is a summation of evidence that the polarity of the cell is 
reflected in chromosomal structure, for this is the very simplifica- 
tion and essence of the meanings which we have been reading into 
this topography since the beginning of this paper. 

In my preceding paper I pointed out that in five separate groups, 
the centromere, or its probable homologue, exhibits a regularized 
association with the nuclear membrane. Such association is de- 
ductible from evidence in other forms. It is certainly implicit in 
the finding of Ribbands (129) that non-homologous centromere- 
telomere associations occur at the nuclear membrane in the meiotic 
prophase of Habrobracon. 


CENTROMERES AND TELOMERES 


At this point I shall introduce a piece of evidence of considerable 
significance to both the problem of cell polarity and the problem of 
the nature of heterochromatin, namely, that there is some fundamen- 
tal similarity between centromeres and telomeres. This has long 
been evident because: 

1. Both exhibit a tendency to non-homologous association. Just 
as centromere regions are united in the chromocenter of the salivary 
gland nuclei, so the distal ends tend to touch one another, especially 
in Chironomus (4). Also, the small fourth chromosome of Droso- 
phila melanogaster sometimes curves upon itself till the distal 
end touches the chromocenter (132, 107). Examples of non- 
homologous centromere-telomere association are numerous in the 
literature. 
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2. Cross-over values are lowest and most variable in their 
vicinity (93). 

3. Both show high breakage frequency (107). 

4. Except at the critical kinetochore region itself, both exhibit 
relatively high dispensability. Individuals with deletions in these 
regions show considerable viability (107). 

5. Telomeres exhibit the same mosaic position effect found in 
centromere regions (107). 

6. In the reticulate type of plant nucleus, the telomeres, like the 
centromeres, are often distinguishable as chromocenters, but with 
distal instead of proximal location. They likewise maintain con- 
tact with the nuclear membrane throughout interphase, and though 
this seems to be more or less obscured in the writhing movements 
of prometaphase to metaphase, in the formation of the metaphase 
plate the ends tend to describe in space the outlines of the vanished 
nuclear membrane. Nothing can be deduced of their location in 
euchromocentric nuclei or in any forms where there are no distal 
chromocénters. 

7. Stadler (139) and Helwig (69, 70) find that in X-radiation, 
intercalary breakage ends of chromosomes do not unite with 
telomeres, while, on the other hand, breakage ends of centromeres 
do unite with telomeres, and vice versa. 

“All this leads us to agree with Prokofyeva”, remarks Muller in 
connection with points 1 to 5 above, “that these terminal regions are 
similar in properties to those normally located near the centro- 
meres” (107). 

Centromere regions may be marked by the primary constriction, 
or by a heterochromatic knob, or by a heterochromatic granule, or 
by combination of these, as in the case of Doutreligne’s euchro- 
mocentric nuclei where the heterochromatic blocks lie to either side 
of the primary constriction. 

Turning to the region of the nucleolus, we find a similar range of 
variety. Secondary constrictions may be present, as described by 
Heitz, or heterochromatin granules, as in the Orthoptera and the 
detached nucleoli of the toad’s egg. Or combinations of these may 
exist, as in Zea. 

The three principal morphologically differentiated regions of the 
chromosome, the centromere, the telomere and the nucleolus- 
organizing region, have three properties in common, viz., they lie 
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at or near a membrane surface, they are frequently heterochromatic, 
and nucleoli may appear in any one of the three regions, according 
to the species. 

With these three topographical landmarks oriented in the cell, 
the suggestion appears most forcibly that chromosomes are tracks, 
or lines of euchromatin, connecting the heterochromatic points of 
juncture with the nuclear membrane and the heterochromatic point 
of juncture with the nucleolus. 

This applies literally only to nucleolus-bearing chromosomes. 
But, as much indirect evidence seems to indicate and as McClintock 
has critically demonstrated for Zea (97), all the chromosomes of 
the genome are involved in nucleolus formation; even when the 
morphological continuity of anastomoses or closely connecting 
gyres is absent in the resting stage, physiological continuity must 
be assumed. Chromosomes thus seem to constitute pathways 
between che exterior cytoplasmic environment and the interiorally 
located nucleolar environment. | 

Chromosome polarization is further reflected in two character- 
istics of the chromonemal spiral. First, the uncoiling in prophase 
begins distally and proceeds proximally; second, in many forms 
we find a gradient in gyre size and tightness from the distal to the 
proximalends. Gyres are often larger and looser toward the distal, 
tighter and smaller toward the proximal ends. 

How far does this polarization of the chromosomes and of nuclei 
reflect the polarization of the cell? The latter, of course, consists 
essentially in the relations the cytoplasmic components bear to the 
nuclear. Because of the radically different techniques employed, 
cytologists tend to specialize in one or the other of the two regions, 
and almost no papers are in existence relating the behavior and 
distribution of both elements in a single form. 

Bowen’s illustrations of cytoplasmic elements in plant cells are 
particularly illuminating (13, 14, 15). In the root tip cells of a 
wide variety of plants there is a marked tendency for the bulk of the 
cytoplasmic elements to concentrate at opposite poles. This is 
exceptionally well shown in citation No. 15, figures 48 and 51, for 
certain cytoplasmic components of the plerome of Vicia faba, and 
figures 139 to 142 for the plerome of Pisum. In these more or 
less elongate cells, thin borders of cytoplasm with a scattering of 
cytoplasmic elements lie lateral of the nucleus. The bulk is dis- 
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tributed between the two poles. It will be recalled that this is the 
same as the distribution of the chromocenters in the Allium root 
tip nucleus. 

Unfortunately for the precise character of such correlation, a 
bipolar distribution of chromocenters is lacking in Vicia faba; they 
are more or less gathered in one half of the cell [see (12), Plate I.] 
It is difficult, moreover, to determine which are the centromere 
regions. Distal chromocenters are lacking. But if it be recognized 
that concentration of nucleic acid in chromocenters may be only 
one of the activities of centromere and telomere regions, or, con- 
versely, that these regions may be active without production or 
accumulation of nucleic acid, then the polarity of the cytoplasmic 
inclusions shown by Bowen may reflect the chromosome polarity 
evident in the figures of Heitz, since the chromosome ends are there 
depicted as touching the nuclear membrane at each pole. The 
shifts undergone by the nucleus during the mitotic cycle do not, 
until just before prometaphase, depart more than 20 to 25 degrees 
from this polarity. 


PHYSICAL AND CHEMICAL PROPERTIES OF NUCLEIC ACID 


In dealing with chromatin it is predominantly the chromonucleic 
acid with which we are concerned. Let us therefore ask a question. 
Which of the known physical and chemical properties of nucleic 
acid serve in any way to account for the conspicuous and wide- 
spread characteristic of chromatin mentioned in Number 8? Better 
yet, let us broaden the base of this question—Are there any 
properties of chromonucleic acid, physical or chemical, which help 
explain why it is so indispensable to all forms of life at the cellular 
level? Do any of these properties account for its pronounced 
tendency to peripheral distribution in the structures of which it is 
part? 

The English cytologists have stressed one important feature— 
its difference from plasmonucleic acid. Darlington (36), amplify- 
ing the views of Caspersson, states that since the two nucleic acids 
differ in the central sugar radical of the nucleotide, “the desoxy- 
ribose radical apparently . . . gives its nucleotides a flatness to 
which they apparently owe their capacity for polymerization. 
They form columns of plates which, as shown by polarized light, 
lie crosswise to the protein thread. These plates agree in spacing 
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at 334 A with the extended polypeptide chain of the chromosome”. 
To this Koller adds “The polymerization of the thymonucleic acid 
is responsible for (1) the coiling, (2) the reduplication . . . of the 
chromosomes, and (3) making them visible”. Except for Number 
2, this is in contrast with the fluid non-fibrous nature of the non- 
polymerized plasmonucleic acid. Since the viruses, most of which 
are ribonucleic in nature, also possess the power of reduplication, 
polymerization cannot be the cause of chromosome reduplication. 

What are the chemical properties common to both types of 
nucleic acid? They are polynucleotides and possibly tetranucleo- 
tides or even poly-tetranucleotides, although the evidence here is 
somewhat contradictory. Nucleotides consist of a sugar molecule 
united at one end of its carbon chain with phosphoric acid, and at 
the other with a purine or pyrimidine base. On alkaline hydroly- 
sis the sugar and purine or pyrimidine sections split off from the 
phosphoric acid in combination as nucleotides ; mild acid hydrolysis 
splits off the purine or pyrimidine base, leaving the sugar combined 
as an ester with phosphoric acid. The nucleotides, in common 
with other proteins, are amphoteric in nature. They contain 
phosphoric acid which is of great importance because of the role 
played by phosphate bonds in the cognate and interlocking fields of 
cellular respiration and carbohydrate metabolism. The nucleo- 
tides of nucleic acid contain purine and pyrimidine bases which are 
vitally and intimately concerned with the oxidation-reduction 
mechanisms in the cell. Lastly, very significantly, they have the 
same general structure as the oxidation-reduction enzymes; that is, 
they are conjugated proteins, consisting of a prosthetic group of 
low molecular weight joined in loose or rigid combination with 
proteins. 

Thus far this structure has characterized many of the demolases, 
or respiratory, enzymes. The hydrolases do not seem to require 
a prosthetic group for their function. The pyridinoprotein and 
flavoprotein enzymes are mono- and di-nucleotides. The adenylic 
acid of the cytoplasm, which is so important not only for its role 
in phosphorylation but also as an oxidation-reduction co-enzyme, 
is found in plasmo-nucleic acid and differs from the adenine mono- 
phosphate of chromonucleic acid only in the sugar radical, and 
possibly in an isomeric arrangement of the phosphate bonds on the 
purine base. A cytoplasmic di-adenine phosphate has been isolated 








536 THE BOTANICAL REVIEW 


in yeast, and it is interesting to note that the linkage between its 
adenylic acids is very alkali sensitive, as are the internucleotide 
linkages of nucleic acid (89). 

Preliminary to a more detailed discussion of these matters, and 
for purposes of logical treatment, the skeleton framework of the 
oxidation-reduction mechanism of cells is recalled to the reader’s 
mind (54, 103). In this system oxidation, which in its essential 
nature is the removal of electrons, is accomplished by a series of car- 
riers—a chain of oxidizable and reducible substances along which 
the electrons pass from the substrate until their final appropriation by 
molecular oxygen. Nearest the molecular oxygen are cytochrome 
oxidase and the three heme-protein cytochromes; at the other end, 
in order of nearness to the substrate, are specific dehydrogenases, 
the coenzymes I and II, which are present universally in cells, and 
the flavoproteins. There may be various omissions from and 
additions to this; moreover, the system is not limited to enzymes 
alone, since various intermediate metabolites may act as oxidation- 
reduction catalysts, as in the Krebs tricarboxylic acid cycle. How- 
ever, the cellular respiration sequence may for our present purposes 
be outlined as follows. 

Substrate 


Specific or 
Pyridine nucleotides 
Flavoproteins 
Cytochrome system 
Cytochrome oxidase 


Molecular oxygen 

Thus at one end the dehydrogenases oxidize the metabolites, 
which do not act directly with carriers or oxidases. The dehydro- 
genase-flavo-pyridinoprotein system is concerned with hydrogen 
mobilization and transport. At the other end the cytochrome 
oxidase system mobilizes oxygen, and the system as a whole in- 
volves a flow of H and electrons from substrate to the atmospheric 
oxygen. 

The pyridine nucleotides and the flavoproteins are of exceptional 
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importance in this chain. As has been noted, both are compounds 
of nucleotides joined to proteins by phosphoric acid bonds, with 
the nucleotide functioning as co-enzyme (or prosthetic group) and 
the protein as apoenzyme, to employ von Euler’s terminology [see 
Goddard (54)] in which the co-enzyme-apoenzyme system as a 
whole is known as a “holoenzyme”. Specific substrates are usually 
acted upon by specific dehydrogenases. The pyridine nucleotides 
and flavoproteins are perhaps universally present in cells. They 
may act as carriers or as direct dehydrogenases. And although 
the cytochrome system is usually present, it is the pyridino-flavo- 
protein complex which is indispensable, since under anaerobic con- 
ditions, fermentation occurs through their mediation with the 
cytochrome system non-functional or wholly lacking. 

That the two pyridine nucleotides are derivatives of nicotinic 
acid is thought to account for the importance of this vitamin. 
These nucleotides are specifically nicotinamide adenine nucleotides, 
and it is the nicotinamide ring which undergoes cyclic oxidation 
and reduction. Co-enzyme I, diphosphopyridine nucleotide, also 
called “cozymase” and “codehydrogenase I”, is a dinucleotide. 
This may be represented as 
( 2 phosphoric ) 
(acid molecules ) 
and coenzyme II, triphosphorpyridine nucleotide, as 
( 3 phosphoric ) 
(acid molecules). 

Following current usage (138), we shall designate these as DPN 
and TPN, respectively. DPN and TPN are prosthetic groups 
for a wide variety of enzymes. 

The flavoproteins transfer electrons to the cytochrome complex, 
either directly or through the mediation of other systems. Unlike 
the cytochromes, they lack iron and for this reason are cyanide- 
and carbon-monoxide-insensitive. One prosthetic group of War- 
burg’s old “yellow enzyme” is alloxazine mononucleotide, or ribo- 
flavin phosphate. 

Alloxazine is a chain of a pyrimidine, a pyrazine and a benzene 
ring, the pentose alloxazine portion being riboflavin, which accounts 
for the importance of vitamin-B,. Alloxazine mononucleotide is 
also a prosthetic group of cytochrome reductase, a flavoprotein link 
between the cytochrome and dehydrogenase systems. 


nicotinamide-ribose ribose-adenine 


nicotinamide-ribose ribose-adenine, 
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Alloxazine adenine dinucleotide is the prosthetic group of a 
number of flavoprotein enzymes oxidizing co-enzymes I and II. 

It is of interest to note that the production of CO, and the 
mobilization of molecular O, by electron and hydrogen transport 
are virtually separate systems; CO, is not formed by direct oxida- 
tion of carbon by molecular oxygen, but by decarboxylation of the 
organic acids of intermediate metabolism. The enzymes involved 
in this system have diphosphothiamine as prosthetic group, with 
magnesium as co-factor. It is in this connection that vitamin-B, 
is vitally involved in carbohydrate metabolism. 

The prosthetic groups of the flavo- and pyridinoproteins as oxi- 
dation enzymes thus constitute one group of the cytoplasmic 
nucleotides. Still another important cytoplasmic nucleotide is 
adenylic acid. The cardinal importance and the central position 
in carbohydrate metabolism of the adenosine—adenine mono-, di- 
and tri-phosphate system may be seen at a glance in the diagrams, 
p. 208, in Potter (121), and p. 62 in Soskin and Levine (138). 
This system is thought to occur in all cells. Following current 
usage we shall designate these as AA, ADP and ATP, respectively. 

Adenylic acid, adenine monophosphate nucleotide, serves both as 
a prosthetic group without intermediate phosphorylation, as when 
it acts with phosphorylase in the primary phosphorylation of 
glycogen, and also as a carrier of the energy-rich phosphate bonds 
in other phosphorylations, de-phosphorylations and transphos- 
phorylations, of which one example is the second phosphorylation 
reaction of glycolysis, when fructose 6 phosphate is changed to the 
symmetrical fructose 1, 6 diphosphate. 

In the first case the catalytic action of the enzyme is probably 
enhanced by the binding of prosthetic group to protein by the 
phosphate bonds. In the second the adenine ribose moiety is a 
sort of trap for phosphate bond energy which reaches it along 
oxidation-reduction pathways in glycolytic or oxidative food com- 
bustion. As Lippmann (89) points out, “The enzymatic transfer 
of transphosphorylation is remarkably similar to enzymatic hydro- 
gen transfer”. 

The picture which is obtained from the literature on phosphate 
bond energy is one of the AA = ADP = ATP cycle as the hub of a 
greater wheel that is the phosphate bond energy cyclé as a whole. 
Its role in metabolism may be elucidated by a few preliminary 
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remarks. In the ordinary process of combustion, carbon is oxi- 
dized with immediate generation of heat and production of CO:. 
In cellular metabolism the situation is different. In fermentation 
and glycosis the same overall degradation of the initial substrates 
to the end products occurs, but oxidation and CO, formation are, 
as has been noted, separate processes, and the energy which is 
released is converted along oxidation-reduction pathways “almost 
quantitatively into phosphate bond energy” (89). Thus “the 
various phosphorylations which occur throughout the dissimilation 
of carbohydrate are the means by which the energy liberated from 
oxidative steps is prevented from being dissipated as heat and is 
held or built up for use in endergonic reactions”, 1.e., reactions 
which require a supply of chemical bond energy. 

According to Lippmann, the phosphate cycle consists of a series 
of steps. At the lowest level is inorganic phosphate (ph). The 
first step is its introduction into the ester linkage, containing about 
3,000 cal/mol of bond energy(—ph). The second step is the 
generation of energy-rich phosphate bonds (~ ph, 10,000-12,000 
cal/mol) over the O/R pathways. Third, these are taken over 
and distributed by cell catalysts, chiefly adenylic acid. In trans- 
phosphorylation reactions the phosphate bonds may shuttle back 
and forth in the AA. . .ATP system, thus maintaining a high 
potential level, but the fourth and irreversible step eventually occurs 
when they fall, first to the ester, and finally, by phosphatase action, 
to the inorganic level. Lippman continues, “For the undisturbed 
maintenance of this complicated series of reactions a well-balanced 
equilibrium is needed between the great number of enzymatic 
reactions involved. Oxido-reductive formation of ~ ph and its 
removal by adenylic acid must follow in due course, in order to 
avoid obstruction of the smooth flow or reactions. A finely co- 
ordinated interplay between O/R and_ phosphorylation-dephos- 
phorylation results. This explains why very often adenylic acid 
functions as apparent co-enzyme of O/R reactions”. 

The AAs ADP s ADT cycle thus occupies a central position 
in the metabolic turnover. It receives phosphate bonds from 
sources as 1:3 diphosphoglycorate, phosphopyruvate, acetyl and 
creatine phosphate, etc., and donates them to glucose, hexose 6 
phosphate, pyruvate and creatine. Through the mediation of this 
cycle the ~ ph bonds may (a) maintain a high energy potential by 
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transphosphorylations, as when they enter the creatine-creatine 
phosphate cycle which acts as a sort of v ph reservoir; (>) they may 
be employed in endergonic reactions, such as the synthesis of gly- 
cogen; (c) they may be added to the vitamins thiamine, riboflavin 
and nicotinamide to function in O/R reactions and carbon dioxide 
metabolism; (d) they may be utilized in the performance of me- 
chanical work, such as absorption and muscle contraction, and also 
in conduction and secretion; and (e) they may of course enter and 
leave the AA. . .ATP system itself. 

Thus ~ ph bonds, generated on oxidation-reduction pathways, are 
transported and distributed on the AA. . .ATP system and finally 
utilized as mechanical work and chemical synthesis. The metabolic 
phosphate cycle is compared by Lippmann and others to a machine 
which generates electric current, the ~ ph bonds being “a form of 
energy utilized for all-round purpose”. 

The transcellular activity of this system further emphasizes its 
great importance. Phosphorylation and dephosphorylation are the 
mechanisms by which in kidney and intestinal absorption glucose 
is forced across membranes against a concentration gradient. 
Potter (121) makes the illluminating suggestion that AA. . .ATP 
may be the common denominator of both intracellular control and 
transcellular hormonal regulation of carbohydrate metabolism, 
hence of fat and protein synthesis and, in the last analysis, of 
growth and differentiation. Integrating with the above is the 
hypothesis (138) which is not without some direct and indirect 
evidence, that the various physiological effects of insulin upon 
carbohydrate metabolism may be due to “a single catalytic in- 
fluence upon some basic enzyme system”. They reason that these 
effects are fundamentally reducible to “increased rate of entry of 
glucose . . . from the blood and extracellular fluids into the tissue 
cells . . .”, which is probably produced by hexose phosphorylation 
through the action of insulin upon the AA. . .ATP system at some 
unknown locus. Since a rise in blood adenosine and possibly ATP 
occurs after experimental shock in rabbits, the suggestion has been 
made that ATP may play a role in shock following tissue asphyxia. 

These facts emerge. The cytoplasmic nucleotides are of two 
types: the flavoprotein nucleotides, catalyzing essential anaerobic 
oxidation-reduction reactions; and the adenylic acid system, con- 
cerned primarily with the transport and distribution of energy-rich 
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~ ph bonds generated along oxidation reduction pathways. The 
two systems are interdigitating ; the prosthetic groups, the pyridines 
and flavoproteins, are built up by phosphorylation of vitamin and 
adenine blocks, and adenylic acid itself often functions as a co- 
enzyme in O/R reactions. 

Do these current conceptions of the O/R-AA. . .ATP systems 
throw any light on the problems of the role of chromonucleic acid 
in gene action and of its tendency to peripheral distribution in the 
structures of which it is part? 

Both plasmo- and chromonucleic acids consist of four poly- 
merized polynucleotides. The cytoplasmic nucleotides are of the 
ribose, and the nuclear nucleotides of the desoxyribose, type. In 
addition, they may differ isomerically, that is, in the number of the 
carbon atom to which the phosphoric acid bonds are attached. So 
far as our present knowledge goes, there is no uracil nucleotide in 
the nucleus and no thymine nucleotide in the cytoplasm. The 
purine compounds, guanine and adenine nucleotide, are common 
to both. The great importance of the cytoplasmic adenine nucleo- 
tides has been discussed. There is evidence that guanine partici- 
pates in transphosphorylation reactions, and it has been shown to 
be interchangeable with adenin- 3 a necessary growth substance for 
iactic acid bacteria, but little els: :s at present known of its function. 

Other purines and pyrimidines are also essential as bacterial 
growth substances, but otherwise our knowledge of purine and . 
pyrimidine metabolism is largely confined to the destructive pro- 
duction of the end products—urea, uric acid and allantoin. Guan- 
ine, adenine, cytosine and thiamine tagged with isotopic N are im- 
mediately metabolized to end products and not incorporated in the; 
tissue nucleoproteins. There is no relationship between purines 
and pyrimidines and the creatine cycle, and no evidence of any 
transformation of purines into pyrimidines. : 

Within the limits of our present knowledge, then, the nucleic acid 
constituents of outstanding importance in cytoplasmic metabolism. 
are adenine, ribose and the phosphate bonds. 

Of the pentoses in general, it may be remarked, (a) sugars as an. 
energy source would be important constituents in any system con- 
cerned with release of energy, (b) all monosaccharides are re-, 
ducing agents, and (c) although the hexoses and the trioses are in- 
volved in glycolysis and glycogen synthesis, pentoses are not and 
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for this reason may constitute an isolated system of specialized 
metabolic function. 

Of ribose and desoxyribose in particular: (a) the rarity of their 
occurrence is also evidence of their isolation from the commoner 
types of chemical reaction; (b) the ribose sugar in plasmonucleic 
acid is the reduced form of the desoxyribose in chromonucleic acid, 
and the two could thus function in an O/R system; the intercon- 
vertibility of these two types of acid, as demonstrated by recent 
findings, seems to suggest that they do; (c) their relatively greater 
instability and reactivity, coupled with their isolation from com- 
moner reactions, would enhance any specialized function they might 
serve in cell metabolism; (d) in DPN and TPN ribose joins the 
phosphate molecules to adenine and the pyrimidine nicotinamide ; in 
the flavoproteins it unties the alloxazine rings to the phosphate 
molecules. In AA, ADP and ATP it also joins adenine to the 
phosphate molecules in ester linkage, which, of course, is the role 
it shares with desoxyribose in nucleotide structure in general. 

The importance of adenine as a growth substance may be ac- 
counted for by its participation in the O/R and AA-ATP systems. 
Here its importance seems to lie in its combination with ribose to 
form the adenine-ribose nucleotide which serves as a trap or store- 
house for the phosphate bonds. As a purine, adenine may be an 
effective part of an isolated system, serving in a specialized capacity 
enhanced by its nonparticipation in the molecular turnover of pro- 
tein and carbohydrate metabolism. 

The importance of phosphate bonds has already been shown; they 
are energy-rich at the ester level, and even more so in the di- and 
triphosphate combinations. Their breakdown is among the im- 
portant single-step reactions occurring in cellular metabolism, the 
attachment to sugar is of significance, since oxidation of simple 
sugars often involves their intermediate attachment to a phosphate ; 
throughout carbohydrate metabolism we see the close link between 
oxidation and phosphorylation; and, as has been seen, the phos- 
phoric acid molecules are an important constituent of the cytoplas- 
mic nucleotides which they are thought to bind as prosthetic groups 
more closely to their protein apoenzymes. 

The following seem the salient facts concerning nucleic acids: 

1. They have fundamentally the same structure as certain O/R 
enzymes, in consisting of low molecular weight nucleotides at- 
tached as prosthetic groups to proteins. 
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2. Adenine desoxyribose nucleotide of chromonucleic acid re- 
sembles, and the adenine ribose nucleotide is identical with, the 
adenylic acid which is a carrier in the central cardinally important 
AA-ADP-ADT system for phosphate transfer and transport. 

3. The individual constituents, the pentoses, purines and pyrimi- 
dines, do not, so far as our present knowledge goes, participate 
directly in the molecular turnover of protein and carbohydrate 
metabolism, as do the amino acids, trioses and hexoses, and even 
the 4-carbon compounds. 

4. The ribose and desoxyribose nucleic acids could constitute or 
be part of an O/R system, although it has not been critically 
demonstrated that they do. 

In any event the affinities of the nucleotides and their individual 
constituents are with the known oxidation-reduction phosphoryla- 
tion systems catalysing and participating in the transactions of car- 
bohydrate metabolism, which are primarily concerned with the pro- 
duction, storage, distribution and release of energy. 

Can these considerations throw any light on the role of chromo- 
nucleic acid in gene actions and on its peripheral allocation in cell 
structure? 

From Child’s lifetime work on physical gradients (27) it may 
be derived that many cells, particularly those used in experimental 
work and in the pedagogy of cell structure and division, exhibit 
two such gradients—a gradient along the anterio-posterior axis 
running from the more active division pole to the less active distal 
pole of the cell, and a surface-interior gradient. It is obvious that 
the distribution of chromatin corresponds to the former gradient; 
the latter gradient is reflected in the greater peripheral concentra- 
tions of chromatin, both in the nucleus as a whole and in the indi- 
vidual chromosomes. 


HETEROCHROMATIN CONSIDERED IN THE FRAMEWORK OF CELL 
POLARITY 


In many animal cells the bulk of the inclusions is concentrated 
at one pole; and in many the chromocenters seem concentrated at 
one pole. Although no correlations in these pictures have, to my 
knowledge, yet been worked out, in the grasshopper (unpublished 
observations) I have been able to establish one critical correlation. 
Certain slides of the McClung collection of Orthopteran material, 
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in the University of Pennsylvania, chiefly strong Flemming, bring 
out nuclear and cytoplasmic components with equal force, notably 
in Ageneotettix. At bouquet polarization in the spermatocytes the 
polar granules are drawn in phalanx near the region where the 
cytoplasmic components are massed in a mitochrondial cap. As 
the cap breaks up there is a corresponding break-up and circum- 
ferential scattering of the polar granules of the chromosomes. The 
two movements proceed pari passu until both heterochromatin and 
cytoplasmic components are entirely circumferential. 

Much more work needs to be done on these cyto-nuclear rela- 
tions, but even this scanty evidence seems strongly to hint that 
chromosome polarity and cell polarity are closely connected, if not 
identical, phenomena. Would not this be considered as axiomatic 
by those familiar with the extensive literature on the relations of 
the centriole to other cell components ? 

Resuming the thread of the argument, then, in an attempt to 
clarify the misunderstandings concerning heterochromatin and to 
reduce the rather diverse array of evidence concerning its structure 
and function to greater simplicity and order, I have reviewed its ex- 
amples, properties and functions and have presented evidence of 
what is probably considered axiomatic, namely that chromosome 
polarity reflects cell polarity. I shall now proceed to consider the 
definitions, types, properties and functions of heterochromatin in 
the framework of polarity. 

First on the addenda are the definitions. What heterochromatin 
is, is a problem complicated by several factors. First, as Schultz 
has pointed out (134), we have to consider both the protein and 
the nucleic acid components. Second, as I have been at some 
pains to show, it is difficult to separate the properties of hetero- 
chromatin from the properties of the loci where it is found. Third, 
the relations between eu- and heterochromatin upon which any 
definition must be based show great fluctuation. 

Taking up the first point, the important fact to bear in mind is 
that concerning the chemical nature of the protein moiety, we have 
only one piece of evidence: identification by ultra-violet absorption 
analysis of the histone nature of heterochromatin and the globulin 
nature of euchromatin in salivary gland chromosomes (134, 136). 
And where the chemical distinctions with regard to the nucleic acid 
components are concerned, we encounter considerable disagreement. 
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Heitz stated that the Feulgen technique does not distinguish the 
two types of chromatin (67). He is more recently confirmed in 
this by Fernandes and Serra (51), but others (37, 31, 128) con- 
sider that the Feulgen technique does serve to differentiate the two. 
My own observations in Allium indicate that the differences are 
much sharper in the iron-haematoxylin techniques than in Feulgen. 
What is necessary here is the common sense understanding that the 
Feulgen and ultra-violet techniques reveal only two things, namely, 
the presence or absence of chromonucleic acid, and the degree of 
its condensation or dispersion. As a matter of fact, an extremely 
fine dispersion might easily be reported as absence. When Heitz 
and others state that Feulgen reveals no chemical distinctions be- 
tween eu- and heterochromatin, they are right. When Resende 
and others insist that Feulgen distinguishes beween the two, they 
are also right because it does show the differences in distribution 
and amount of nucleic acid by which the two types of chromatin 
are recognized. 

On the second point, if the reader will briefly review sections III 
E, F, G, H and J, and also IV C and D3, he will confront a number 
of examples where the properties of heterochromatin are difficult 
to dissociate from the properties of its loci. Effects are in some 
cases attributed to the centromeres; in others, to the chromocenter ; 
in still others, to the heterochromatin. Again, in reviewing the 
similarities between centromeres and telomeres, it must have been 
obvious that many of their properties as loci were those which had 
already been ascribed to heterochromatin as substance. 

Muller (107) noticed this but failed to exploit the identity be- 
cause of one piece of evidence. It was found that heterochromatin 
translocated from the centromere region still maintained its identity. 
Hence it did not seem to owe its existence to a locus. But the evi- 
dence presented by Schultz that such translocated regions remain 
associated with the salivary gland nucleus chromocenter shows they 
tend to persist in their function as liaison or contact regions. Thus 
in any case one common property of heterochromatin, centromeres 
and telomeres may be specialization for contact with and transfers 
of energy and/or substance across a membrane. Again, that the 
loci of specialized activity in these centromere and telomere regions 
are very specific seems indicated by Prokofyeva’s findings, as cited 
by Painter, that the regions involved in the touching of the distal 
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ends of the salivary gland chromosomes are quite definite, “usually 
consisting of several faint bands that morphologically resemble 
those in the neighborhood of the centromeres” ; specificity of locus 
for the nucleogenic region is clear from McClintock’s findings that 
when the heterochromatic nucleolus-organizer is fractured by X- 
radiation, it is the smaller fragment which bears the larger nucleo- 
lus, and vice versa, indicating that in this case the amount of hetero- 
chromatin is not the important factor, but some specific locus. 
From the facts it may be deduced that we are dealing with two sepa- 
rate factors: one the properties of centromeres and telomeres as 
loci; two, the properties of heterochromatin as substance. Two 
muy again be divided into(a) the special nature of heterochromatin 
as liaison material, and (b) a quantitative effect of heterochromatin 
apart from its position effect. In some cases it has been possible to 
separate these factors (e.g., III E, IV E, 10). The situation may 
be clarified by the following statements: 

1. These nucleogenic regions produce heterochromatin in the 
limits of their own loci and in adjacent points on the chromosome 
track. 

2. Once such heterochromatin has been produced it tends to per- 
sist and may perpetuate itself, at leact for a period, as is shown by 
the evidence from translocations. 

3. Centromere regions and heterochromatin both exert an influ- 
ence, acting at a distance along the chromosome track. The cen- 
tromere region seems to be more effective, since, as in IV E 10, we 
find cases where “heterochromatin is more effective if attached to 
the spindle fiber region”. 

4. In addition to this position effect, heterochromatin has a 
quantitative effect in suppressing variegation, which may be com- 
parable to the action of anaesthetics which inhibit in high concentra- 
tion where they may stimulate in low concentration. 

The third point, concerning the fluctuations and uncertainties 
in euchromatin-heterochromatin relations, may be made clear by 
a few examples. In prophase the euchromocentric nucleic chro- 
maticity draws over the chromosome like a glove, so that during 
its progressively distal advance, more and more of the chromo- 
some becomes heterochromatic in relation to the euchromatic region, 
until the chromosome is entirely pycnotic. At the halfway point 
there would be no standard at all, and after this, the situation would 
be reversed. 
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Again, in the allocyclic changes undergone by the monosome in 
Orthoptera (unpublished observations) this chromosome as a whole 
is heterochromatic with respect to the autosomes, since it is in a dif- 
fuse state at gonial prophase at the time they are condensed. But 
at this very time the condensed centromere region is definitely 
heterochromatic to the rest of the monosome. 

The heterochromatic chromosome described in the resting nucle- 
us of Narcissus (50) is probably a case like the above. I should 
interpret the large knob-like region as the proximal end of the 
chromosor:, in touch with the nucleus, and the region displaying 
diffuseness as one subtending the nucleolus. Here, however, the 
whole chromosome apparently remains more deeply staining than 
the other chromosomes, even in the diffuse regions; this author 
therefore speaks of the whole chromosome as heterochromatic with 
respect to the others of the set, and of its intrachromosomal differ- 
entiation as positive and negative heterochromatin. The designa- 
tion is self-evidently and inevitably arbitrary, and Resende shows 
the difficulties into which it leads (128). 

Fluctuations in the relations between eu- and heterochromatin 
under various influences are discussed by Resende (128). 

The expansion and contraction in relative size of eu- and hetero- 
chromatin has been noted above (II, IV, A). In the meiotic pac- 
hytene of Oenothera, euchromatin contracts only 1/25th of its 
length, while heterochromatin contracts 1/2 of its length (77). 
Add to these cases the fluctuations observable between eu- and 
heterochromatin under both natural and induced conditions (III 
H above) and we have a very cogent argument for exercise of 
caution and specificity in the use of the terms. 

With these points in mind, let us review the definitions cited 
under Section I. It is certainly clear that that given by Heitz (63) 
and Schultz (136) falls short in not embracing the concept of nega- 
tive heterochromaticity. Despite the fact that so competent a re- 
viewer as Resende expresses his opinion that allocycly is the sole 
distinguishing character of heterochromatin (128), it will be clear 
that as a definition it breaks down in three instances: first, the 
existence of cases where heterochromatin maintains much the same 
condition and size relations throughout the mitotic cycle, as seems 
the case with the alpha chromatin of Drosophila (66), second, the 
cases where a small block of one kind of the two chromatins gives 
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rise to a larger block of the other, or vice versa; in such expansions 
and contractions it would be very difficult to speak of differences in 
amplitude or intensity of staining; third, the recent finding that 
heterochromatic regions are still detectable in metaphase, which is 
presumably the time when the two chromatins would have the same 
cycle and hence be indistinguishable. The term “allocycly” should 
hence be clearly distinguished from mere “differential” and should 
be employed only in such cases as the Orthopteran monosome, 
where cyclic changes can be traced through several cell genera- 
tions. 

As has been related, the idea of heterochromatin as a special kind 
of substance characterized by genetic inertness became, and still 
is, strongly entrenched despite the fact that the Feulgen method 
does not distinguish between them [ (67), p. 409], and that so far as 
the nucleic acid goes, eu- and heterochromatin are merely varying 
states of chromatin and not different substances (ibid, p. 411) ; de- 
spite, too, all the following evidence: that reversals from one state 
to another occur under natural and induced conditions; that some 
heterochromatic regions are known to be active; that, as brought 
out in III C, the differing aspects in which heterochromatin has 
been described are paralleled in the varying aspects exhibited by 
euchromatin itself. 

A few examples will illustrate the confusion to which this think- 
ing has led. Resende (128) points out the inconsistencies into 
which Japha (77) and Darlington and La Cour (37) are led in as- 
suming that the change of state which follows the changes in the 
mitotic cycle does not involve a shift from heterochromatin to eu- 
chromatin. They are thus forced to call regions which are eu- 
chromatic in appearance, “heterochromatin”. The latter authors 
believe that species lacking in chromocenters, for instance, actu- 
ally have the heterochromatin present, but with no detectable al- 
locycly. Hinton (71) similarly designates the non-heteropycnotic 
section of the somatic chromosome a in Drosophila melanogaster 
which gives rise to heterochromatin in the salivary gland, as hetero- 
chromatin, although it is certainly euchromatic in appearance. To 
account for the few active genes in the proximal region of the Y, 
Heitz (65) postulates thag undetectable euchromatic areas may be 
scattered therein, while, on the other hand, Kaufmann (78), to pro- 
vide for certain breakage date, and Mather (94), to account for 
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polygene combinations in active gene regions, suggest that unde- 
tectable heterochromatic areas may be intercalated in the euchro- 
matin. Thus the only definition which still holds true in the face of 
an accumulated mass of information concerning heterochromatin is 
that of Pontecorvo (120). If this be modified slightly, the mean- 
ing of heterochromatin becomes confined to its strictly lexico- 
graphical sense, namely, a chromosome or chromosome part ex- 
hibiting differentials in its nucleic acid cycle from the rest of the 
chromosome, or the remainder of the set taken as a standard. 
An even stricter purism would return us wholly to the word 
“heteropycnosis”, substituting the word “content” for “cycle”. 


A NEW DEFINITION OF HETEROCHROMATIN 


Our next task is to evaluate this definition in terms of the dif- 
ferent structures which have been called heterochromatic, and in the 
light of their relation to cell and chromosome polarity. 

Of heterochromatic chromosome parts, it has been shown that 
chromocenters (both simple and compound), euchromocenters, 
polar granules, polar caps and the Feulgen-positive granules 
which Painter reports in the toad oocyte are located near or on the 
nuclear membrane, while trabants and nucleolus-organizers are as- 
sociated with or lie near the nucleolus. The puff regions of 
Chironomus salivary gland chromosomes may also be considered 
as associated with the nucleolar material, as are the bulbs and Bal- 
biani’s ring. Thus by far the greater number of structures de- 
scribed as heterochromatic lie on or near the nuclear or nucleolar 
boundaries. The behavior of the Feulgen-positive nucleolar or- 
ganizers of Bufo in migrating to the periphery of the germinal vesi- 
cle, in occupying nuclear protrusions and in orienting themselves to- 
wards the outer surface—that is, between their nucleoli and the 
outer nuclear surface—and the somewhat similar tendencies on the 
part of the heterochromatin associated with the nucleoli in Allium, 
is striking evidence that this universal property must have some 
profound significance. 

So much for chromosome parts. What of whole heterochromatic 
chromosomes? The alignment of the sex chromosome, either to 
the nuclear periphery or to the nucleolus, is so widely known as to 
require no citations. In Gossyparis (131) and Phenacoccus (72) 
the heteropycnotic group of chromosomes is very strikingly peri- 
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pheral. Likewise the supernumerary heterochromatic chromosome 
of Narcissus, as shown in the edgewise view [(51, Plate III, Figs. 
2, 6, 7, 8,9]. I have examined the limited chromosomes of Sciara 
in Dr. Metz’s preparations of Sciara testes. Here, too, the same 
condition appears to obtain, though critical confirmation of this 
should come from the Sciara workers. 

The situation in Zea, as described by Morgan, was discussed 
in my previous paper. 

As summarized by Dobzhansky (44), in the genus Drosophila 
heterochromatic areas are located principally in the centromere 
regions and in the sex chromosomes. Should these regions in 
Drosophila conform to what is apparently the general rule that 
these structures are found at or near the nuclear membrane, fur- 
ther evidence would be at hand for the conclusion that a pro- 
nounced tendency exists for heterochromatin, as whole chromo- 
somes or as parts of chromosomes, to be located at or near the 
nuclear and nucleolar membranes. 

The only exceptions with which I am familiar are the megameric 
chromosomes of Orthoptera (146), (34), the intercalary hetero- 
chromatin of the salivary gland chromosomes, and chromomeres 
where these are interpreted as being heterochromatic. The situa- 
tion in the first case is somewhat like that of the germinal vesicle 
stage in the egg, which is one of the few cases where chromosomes 
lie free in the nucleus, unconnected with the membrane. This is 
the time of synapsis, and even the monosome of the male Orthop- 
terans is pear-shaped, with its free end often projecting into the 
interior, and the proximal end attached to the nuclear membrane, 
as is the case in the looping synapsis of the autosomes, including the 
megameric homologues. The monosome is, however, much more 
advanced in its allocycly, shows greater condensation, and, as 
meiosis proceeds, becomes more and more aligned against the 
nuclear membrane which it does not desert until metaphase, or 
shortly before. (Unpublished observations). With regard to the 
intercalary chromatin of salivary gland chromosomes we do not 
seem to be on very certain ground. That transformations of eu- 
chromatin to heterochromatin take place under both normal and in- 
duced conditions has been mentioned. The remark of Poulson 
and Metz (122) concerning the situation of Sciara is pertinent here: 
“.. . there appears to be no clearcut characteristic to distinguish 
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either the material or the organization of ‘heterochromatic’ regions 
from... ordinary regions. Rather, there appears to be a series of 
conditions in different regions, ranging from one extreme to an- 
other”. Heitz (66) warns that in the salivaries it is difficult at 
times even to distinguish the chromatic from the alternating achro- 
matic bands. 

Nevertheless several authors have described definite intercalary 
regions in these chromosomes, e.g., Dobzhansky (44). I have ex- 
amined whole Fuelgen mounts of Sciara salivary glands pre- 
pared by Dr. Helen Crouse and have observed that where the long 
trailing chromosomes come into contact with the nuclear membrane, 
the bands in that region tend to fan out over the surface, giving them 
a markedly different appearance, similar to that sometimes seen 
where the sucker-like ends adhere to the membrane surface. The 
possibility thus exists, and calls for critical investigation, that these 
intercalary regions may also be points of contiguity or association 
with the nuclear membrane. When such association is constant, 
definite areas will have this specific appearance and function. 
When it is adventitious, variability would be a consequence of the 
non-specificity of the points of contact. This is only a suggestion, 
however. Schultz, who is familiar with these cells in the living 
condition, advises me that he does not think there is any particular 
association of the chromosomes with the membrane other than 
contacts throughout their length where they are turgidly ap- 
pressed against it, which would correspond with the view of Buck 
and Boche (19). In any event there is nothing in these excep- 
tions seriously to challenge the rule that in most nuclei the con- 
spicuous bulk of the heterochromatin is located at or near the 
nuclear or nucleolar membranes. 

There are several pieces of evidence concerning the degree of 
this association. At the Rockefeller Institute I have examined 
Claude’s preparations of the liver cells in Amphiuma. Here the 
heterochromatin is perinuclear; when subjected to centrifuging 
there is a tendency for this to cling to the nuclear membrane, re- 
sisting the gravitational force; fixed preparations of centrifuged 
tissue show the chromatin as a mass at the end of the nucleus di- 
rected toward the acting force, and finely drawn out strands of 
chromatin extend from chromatin masses which cling to the rim of 
the nuclear membrane; other chromatin adheres to the sides. This 
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can be seen particularly well in Figs. 1 and 2 of Claude’s article 
(28). Resistance to a force of 60 minutes at 1800X gravity argues 
for considerable intimacy between membrane surface and the con- 
tacting chromatin. 

As remarked above, the chromosome ends of the Dipteran sali- 
vary gland chromosomes likewise frequently give the appearance of 
being attached like suckers to the nuclear membrane, often fanning 
out over its surface. On the other hand, the relationship is some- 
times contiguous rather than actually contactual. In the condensed 
stage of its gonial allocycly, the monosome of Podisma (Orthop- 
tera) lies at the center of its enclosing vesicle, separated by a clear 
space from the nuclear membrane, of which the outer wall of the 
vesicle is part. The chromosome as a whole lies near the periphery, 
but the chromatic element is separated from it by the achromatic 
hull of the vesicle (unpublished observations). 

The migration of the nucleolus-organizers to the nuclear peri- 
phery of the toad oocyte, where they remain near and oriented to 
the nuclear membrane, is another case in point. 

A new definition of heterochromatin may now be formulated, 
based on all the above evidence. Heterochromatic regions are whole 
chromosomes or parts of chromosomes, for the most part located on 
or near the nuclear or nucleolar membranes, which exhibit differ- 
entials in their nucleic acid cycle and/or content, from the rest of 
the genome, or the remainder of the chromosome taken as a stand- 
ard. This difference may be due, at least in great part, to their 
more intimate relations with the cytoplasmic and nucleolar environ- 
ments. Although it occurs most frequently and conspicuously as 
positive heteropycnocity, or over-condensation, the difference may 
also be one of greater diffusion and/or lesser staining capacity. 
Such association may be intimate or loose. It may arise by actual 
contact with, or nearness of, chromosomes and chromosome parts 
to the nuclear or nucleolar membranes, or it may be attained by 
their definite migration to these loci. 

Heterochromatin as Liaison Chromatin 

The simplest explanation of this topography would be that 
heterochromatin is in some way concerned with transfers of energy 
and/or substance across the nuclear and nucleolar membranes. 

Exchanges between nucleus and cytoplasm and between chromo- 
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somes and nucleolus have always been taken more or less for granted. 
Recent evidence is more critical and more specific. 


(a) 


(b) 


(c) 


(d) 
(e) 


During the rapid cleavage incidental to early development 
in marine eggs, plasmonucleic acid is depleted and chromo- 
nucleic acid rises; the cyto-plasmonucleic acid thus seems 
to serve as a direct source of chromosome material (87). 
During the growth of pollen-mother cells in Rhoeo the 
nucleo-cytoplasmic ratio changes from 1:2 to 1:1, with ac- 
companying endomitotic duplication of chromosomes, and 
during this time the plasmonucleic acid disappears from 
the cytoplasm (31). 

Macro-incineration studies reveal that in resting stage the 
calcium and magnesium ash is more or less evenly distribu- 
ted through the cell, while in prophase this is deposited on 
the chromosomes (137). 

The heterochromatic nucleolus organizers in Bufo finally 
disappear after their nucleoli are formed. 

Evidence of a negative nature in support of this view is at 
hand in the finding that when radiation inhibits growing 
and differentiating cells, and no chromonucleic acid is being 
synthesized, plasmonucleotides evidently pile up in the cyto- 
plasm. 


Adding to the above data, as recently compiled by Painter (116), 


(f) 


The co-incidence of the location of heterochromatic regions 
near the nuclear membrane surface where Schultz found 
the greatest concentration of plasmonucleic acid. 


(g) Lillie’s older finding that this region shows greater oxida- 


tion activity (88). 


It may perhaps be quite safely concluded that heterochromatin is a 
region of transfer of energy and/or substance at the nuclear and 
nucleolar membranes. This viewpoint was urged in a seminar 
which I delivered at the University of Pennsylvania, Nov. 29th, 


1945. 


It is an interesting example of the essentially collective 


nature of all scientific thinking that at that time Painter’s remark- 
ably similar views were then in press (116). 

On the basis of a cytochemical and developmental study of the 
interrelations of nurse and gland cells in the bee and in Drosophila, 


Painter concludes: (a) that the plasmonucleic acid in gland cell 
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cytoplasm comes in part “from heterochromatin which, through the 
mediation of the nucleolar apparatus, is converted into ... compon- 
ents which pass into the cytoplasm to form or help form ribose 
nucleic acid”; (b) that “the nucleolus is a part of an heterochroma- 
tin-nucleolar-cytoplasmic nucleic acid mechanism which appears to 
be essential for the conversion of desoxyribose nucleic acid into 
the cytoplasmic type”; and (c) “that during secretion both types 
of nucleic acid are used up in protein synthesis and are replaced 
through the agency of heterochromatic regions which are believed 
to synthesize chromatin (and possibly the nucleolar protein) which 
is converted into the ribose nucleic acid needed by the cytoplasm, 
thus completing the cycle”. 

Huie in 1897 (74) found that on stimulation by feeding, the 
gland cells of Drosera underwent a dimunition in basophilic cyto- 
plasm, accompanied by an increase in the bulk of the basophilic 
cytoplasm, accompanied by an increase in the bulk of the basophilic 
nuclear chromosomes (actually the chromocenters). On restora- 
tion of the basophile cytoplasm there was a dimunition of nuclear 
chromatin and an increase in the amount of the nucleolar chromatin 
(from the modern viewpoint, an increase in its plasmonucleic acid 
content). From these and other facts she deduced that “‘restora- 
tion of the cytoplasm is brought about by nucleus absorbing food 
material, metabolizing it, and then excreting it into the cytoplasm”, 
and thus in a rough way anticipated Painter’s heterochromatin- 
nucleolar-cytoplasmic mechanism. 

With certain amplifications Painter’s views are essentially the 
conclusion to which I had come independently in integrating the 
date of cell topography with genetic and physiological evidence. 

(a) My chief additional contribution has been the orientation of 
this cycle within the framework of cell polarity. 

(b) The sensitivity of the heterochromatic region and the in- 
crease and decrease in their nucleic acid content in response 
to external stimuli show that influences are transmitted 
across the nuclear membrane in the direction of the nucleus. 
But we cannot rule out the possibility of an exchange of the 
other directions as well. 

As Painter and Caspersson and Schultz have evolved the 
idea, the cycle is confined to plasmo- and chromonucleic 
acid. But the individual constituents may also be ex- 
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changed—the purines and pyrimidines, the phosphoric acid 
and sugar molecules, the diffusible components of the pro- 
tein moieties and associated inorganic ions. Huie may have 
been closer to the truth in her broader though less exact in- 
terpretation. The heterochromatic regions, from their 
topography and behavior, appear to be regions of exchange 
of various kinds of energy and substance with the cyto- 
plasmic and nucleolar environments. I should like to pro- 
pose the term suggested by Dr. Nelsen of the University 
of Pennsylvania at the conclusion of my 1945 seminar— 
heterochromatin is “liaison chromatin”. 

Again, I do not consider this property confined to hetero- 
chromatin. The concept, rather, is that heterochromatin, 
because of its location, maintains a function during the rest- 
ing stage which may be performed by the whole length of the 
chromosome during the maximum in its nucleic acid cycle. 
This is the next point for discussion. 

It will be recalled that in the onion-root tip mitosis, as the 
chromosomes grow more pycnotic in prophase, they tend to 
associate more and more with the nuclear and nucleolar sur- 
faces until near prometaphase they constitute a series of 
lines, running from the centromeres near or on the nuclear 
membrane at the proximal pole to the nucleolus, and from 
thence on to the telomeres near or on the membrane at the 
distal pole. Some arms lie free, but the majority of the 
V’s and J’s show this alignment. 

Again, as was pointed out, this tendency to location near 
or on the outer surface is not confined to heterochromatin or 
to heteropycnotic regions; it is a tendency exhibited by 
chromaticity, or pycnocity, itself—in short, of chromatin in 
its condensed state at all its levels of integration, as was de- 
veloped at the commencement of this discussion. 

The next conclusion is that the period of maximum condensation 
and minimum surface area is one specialized for, or at least in some 
way connected with, transfers of energy and/or substance across 
the membrane surface or interfaces. 

This calls for radical change in our way of thinking about the 
mitotic cycle and cell structure. The older idea that the diffuse 
resting stage with its maximum surface distribution is the active 
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metabolic state of chromatin, as opposed to the condensed minimum 
surface stage, may not be entirely true. The evidence is con- 
vincingly for the latter as a time and form of specialized activity, 
namely, for exchanges of energy and/or substance in definite limited 
regions. The two states are relative and complementary, just as 
they are morphologically interchangeable and frequently show 
varying stages of transition in the limits of a single chromosome. 

It is to the great credit of Ribbands (129) that he avoided the 
error of thinking of heterochromatin in purely genetic terms, and 
by considering its topographic relations, both in the form he 
studied and comparatively in the literature, wound up with the 
answer that “precocious condensation at prophase is correlated 
with proximity to the nuclear membrane” and suggested that this 
was because the synthesis of nucleotides, precursors of nucleic acid, 
occurs at the nuclear membrane”. Although this paper appeared 
in 1941, the point was accorded little attention in the literature. 

I have now reconsidered the definitions of heterochromatin and 
formulated, in terms of the cellular topography of its known 
structures, and the evidence concerning their relations with the 
cytoplasmic elements, a tentative modification and extension of 
Pontecorvo’s definition. The next step is to show how great a 
simplification this definition effects in the complex and often con- 
tradictory evidence concerning the properties and functions of 
heterochromatin. 


The Nature of this Definition as an Hypothesis 


Heteropycnocity, allocycly and sensitivity to external conditions 
(III A, B and C) are seen to be quite probably separate yet cognate 
properties of liaison regions. 

Genetic inertness (III D, IV A, B and C) with its corollaries 
of rarity of spontaneous or induced mutations (III D), and non- 
specificity (IV B 1), is in all likelihood a consequence of the nucleic 
acid metabolism which occurs in these regions (III D, IV B 1), 
involving exchanges of nucleic acid components with the cytoplasm. 
This point will be amplified in discussing the polygene concept. 

The location of histones in these regions of salivary gland chro- 
mosomes (III M IV D 2), besides being indicative of a greater 
simplicity correlated with non-specificity, also fits logically the re- 
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quirements of low molecular size for transfers across the mem- 
brane. The larger globulins are associated with the more distal 
euchromatin. 

If heterochromatin is liaison chromatin, and the centromeres 
are points of association with the nuclear membrane, then for 
heterochromatin to be concentrated in the centromere region (III 
G) would be quite expected. Dobzhansky’s view (44) that “con- 
centration of the heterochromatin near the centromeres must be for 
some reason advantageous”, since “inversions in natural popula- 
tions rarely involve breaks in the proximal sections” is on the 
wrong track, but may be retained with an epigenetic twist. Hetero- 
chromatin occurs here for the same reason that cities occur near the 
mouths of rivers. The region is a junction. 

The same is true of many telomere regions. 

Just as large coastal cities tend to transmit their influence to the 
hinterland, and just as we find a rough gradient in the impact of 
this influence, diminishing toward the more isolated interior, so 
the influence of these loci seems to extend inward along the chromo- 
some track. This would explain why in translocations, not the 
genes in the heterochromatin, which, as we have seen, remains a 
liaison region even in its new position, but rather, the genes in the 
euchromatin are affected (IV E 3); it also explains the gradient 
in effect upon such translocated euchromatin bands (III, IV E 5, 
6). These position effects become more understandable in terms 
of closer relation to cytoplasmic influence. 

A similar differential may obtain in the case of the alpha and 
beta chromatin described in salivary gland nuclei (III N). This 
may be a manifestation within the heterochromatin itself, of the 
same polarized differentiation as exists between heterochromatin 
and euchromatin—namely, the presence of a more condensed area 
near the nuclear membrane, with the regions of lesser condensation 
distad to this. The alpha and beta chromatin of the heterochro- 
matic chromosome in Narcissus (50) also seem a sort of regional 
gradient, the proximal condensed alpha heterochromatin touching 
the nuclear membrane, the more diffuse distal or central beta 
chromatin subtending the nucleolus. 

The difference between permanent and temporary heterochro- 
matin may perhaps be expressions of the difference between con- 
stant and adventitious contact or association with the nuclear 
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membrane. The lateral chromocenters which I have seen in 
Allium, but which were not described by Heitz, appear to be places 
where the convoluted chromosome buckles against the nuclear 
membrane. In Orthopteran meiosis I have noticed that as the 
pachytene chromosomes undergo sinuous movements in the nuclear 
cavity, they are often more intensely chromatic at points touching 
the membrane; these points of contact appear to arise anywhere 
on the chromosome. They are not, except incidentally, identical 
with regions which are normally pycnotic at other stages. 

That the centromere or the heterochromatin attachment fre- 
quently possesses considerable strength may be deduced from the 
appearance of clinging to the membrane manifested by the special- 
ized sucker-like ends of the salivary gland chromosomes. In 
Amphiuma the peripheral chromatin adheres to the membrane 
under powerful centrifugation. A mechanical attachment of some 
sort would explain 

(a) some of the cases where chiasmata are not formed in the 
heterochromatin (IV F), 

(b) the reduction of cross-over values in the vicinity of centro- 
meres and telomeres (93), 

(c) Dobzhansky’s above-mentioned note (44) that in natural 
populations, inversions involving the centromere are rare, 
although frequent in X-radiation; possibly the attachment 
in this region can be broken only by X-rays which pierce 
the cell membrane and act upon the unstable hetero- 
chromatin ; and 

(d) the tendency for the heterochromatin of endomitotic 
nuclei to divide later than the euchromatic sections (IV 
I). In ordinary mitosis the nuclear membrane disappears 
at metaphase, and the kinetochores become attached to the 
spindle fibers and are first to draw apart in anaphase, 
which would, of course, be true also of their proximally 
associated heterochromatin. In endomitosis the nuclear 
membrane persists, and if the kinetochores remain as- 
sociated with it, as we should expect, separation would 
be more or less of an uncoiling process and might very 
reasonably take place last in the kinetochore region. 

Muller and his associates ask the question, why are there so 
many peculiar properties crowded together in the centromere 
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region? (106). And since many of the properties they list are 
among those pointed out by Muller as also characteristic of the 
telomere regions (107), the question might have been asked of 
both centromeres and telomeres. To that question I trust this 
paper will have given some answer. 

It should also be recollected that the genes controlling size at the 
heterochromatic region of the X and probably the Y in Drosophila 
are proximally located (IV, H). The gene controlling mutation 
is found in the distal end of chromosome 2 (IV, 1). In view of 
what has been deduced concerning the directional nature of in- 
fluences along the chromosome track, the location at the extremities 
of the chromosomes or genes which influence other genes may be 
significant. In polyploid Melandrium the genes participating in 
sex determination and anther development are located in the 
proximal and distal segments of the Y-chromosome (147). Here 
we may be dealing with the direct influence of these regions upon 
the energy metabolism of the cell. 

Resuming the thread of the argument, I have been formulating 
a new definition in terms of various structures which are hetero- 
chromatic and their relation to cell polarity. I have shown how 
the new definition explains a large body of otherwise disconnected 
facts. Still unconsidered, or incompletely discussed, are (a) the 
property of genetic inertness, or, in latterday terms, genetic non- 
specificity; (b) the relations of heterochromatin to metabolism, 
especially in variegation and neoplasia; (c) the nature of spiraliza- 
tion in heterochromatic regions; and (d) the property of non- 
homologous associations. 


Nucleic Acid as Concerned with Energy-Metabolism 


By way of summation, the following seem to indicate that hetero- 
chromatic areas are regions of exchange of energy and/or substance 
with the cytoplasmic components: 

(a) The constant association of the heterochromatic centro- 
mere and often telomere regions with the nuclear mem- 
brane. 

(b) Their sensitivity to external stimuli. 

(c) Their noted correlations in position and movement with 
the cytoplasmic elements. 
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(d) The fact that in many cells the heterochromatic regions 
reflect the polarity of the cell. The larger proximal 
chromocenters often appear at the active division pole; 
the smaller less numerous distal chromocenters at the 
opposite, presumably less active pole. 

(e) Demonstration of the plasmo-chromonucleic acid cycle 
in conjunction with the known concentration of plasmo- 
nucleic acid immediately around the nuclear membrane. 

(f) The proven correlations between the amount of hetero- 
chromatin in the nucleus and (a) nuclear and nucleolar 
size and (b) concentration of nucleotides in the nucleolus 
and cytoplasm. 

(g) The formation of nucleoli at heterochromatic loci. 

(hk) The large body of miscellaneous data concerning hetero- 
chromatin which this assumption correlates and clarifies. 

Since chromatin in the condensed state shows similar behavior 
and distribution, it seems likely that some of the functions of hetero- 
chromatin are performed by all chromatin at the maximum stage of 
its nucleic acid cycle. 

The following, then, is the proposed working definition in its 
final form: Heterochromatic regions are whole chromosomes or 
parts of chromosomes, for the most part located on or near the 
nuclear and nucleolar membranes, which exhibit a differential in the 
nucleic acid cycle or content from the rest of the set of the re- 
mainder of the chromosome taken as a standard. These differen- 
tials may be due to intimate relationship with the cytoplasmic or 
nucleolar milieux, and occur most frequently as positive hetero- 
pycnocity (over-condensation) and with lesser frequency as nega- 
tive heteropycnocity (under-condensation). In the former state 
heterochromatin is usually indistinguishable in appearance, topog- 
raphy or behavior from any other chromatin in its maximum stage 
of condensation ; heterochromatin is liaison chromatin. 

In view of the fact that the term “heterochromatin” is so well 
established in the literature, and also, of the necessity for a termin- 
ology to reflect the existence of the two different modifications of 
chromatin, it does not seem advisable to revert to the prior term 
“heteropycnocity” which lacks the term “euchromatin” as an 
antithesis. 

This definition of heterochromatin is in reality one half of an 
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hypothesis concerning the relations between cell polarity and cell 


dynamics. 


The second half concerns the nature of the transfers 


between nucleus and cytoplasm through mediation of hetero- 
chromatin and the function of nucleic acid. Here a certain amount 
of speculation is necessary. Despite the great advances in en- 
zymology and cell chemistry, our knowledge of actual intracellular 

processes is still tentative and very sketchy. 
To points a-h, a few paragraphs above, let us add the following 
items which have been developed in the course of this discussion: 
(+) The region in the vicinity of the nucleus, which in some 


forms has been marked by concentrations of plasmo- 
nucleic acid, has also been shown elsewhere to be one of 
greater oxidation activity. 


(7) Nucleotides are known to be growth-promoting substances. 


(k) 


The plasmonucleotides are especially abundant in rapidly 


growing tissue, e.g., meristematic, embryonic and neo- 
plastic tissues ; so is chromonucleic acid. 


(1) Depletion of plasmonucleic acid occurs during a period of 


rapid growth and is accompanied by an increase in the 


amount of chromonucleic acid. 


(m) The components of nucleic acid are also important com- 


(n) 


(0) 


(p) 


(q) 





ponents of the O/R-AA. . .ATP systems. 


The pentoses, purines and pyrimidines which are found 
in nucleic acid and the O/R-AA. . .ATP systems do not 
participate in the general metabolic turnover and may thus 
constitute or be part of an isolated system of specialized 
function. 

The O/R-AA. . .ATP system is thought to be present 
in all types of cell; the AA. . .ATP system and the phos- 
phate bonds are of central importance in energy metabol- 
ism. 

The two systems interdigitate closely; phosphate bond 
energy is known to be generated along O/R pathways, 
and enzymatic transfers of phosphate bonds in trans- 
phosphorylations resemble the enzymatic transfers of H 
ions and electrons in O/R reactions. 

In the salivary gland chromosomes alkaline phosphatase 
is located on the Feulgen-positive bands, as though some 
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mechanism were in existence to effect the release of 
nucleic acid components when and where they are needed. 

(r) Chromonucleic acid occurs at the surface of the structures 
of which it is part—at the surface of vacuoles, to the 
periphery of the chromosomal matrix, and at the nuclear 
nucleolar membranes. 

(s) Chromosomes, and the chromatin reticulum, from their 
behavior and topography appear to be lines of transfer 
between the nucleolus and the nuclear membrane, with 
heterochromatin located at the points of junction. 

In reviewing the literature on heterochromatin I have been in 
search of some plausible explanation why chromatin displays this 
pronounced tendency to peripheral allocation. Now, in clear 
recognition of their purely tentative and hypothetical nature, I 
submit that the following series of assumptions would explain the 
concatenation of facts and current beliefs from a-—s. 

(a) The nucleic acids are basically concerned with the energy 
metabolism of the cell, either in furnishing precursors of 
the O/R-AA. . .ATP systems or in the function of their 
constituents as O/R and phosphorylation enzymes or both. 

(b) The disposition of chromonucleic acid to the exterior of 
the manifold and diverse structures of which it is part 
may be due to its orientation to molecular O, or to its 
ultimate source, or to regions of greater O/R and AA. . . 
ATP activity. 

(c) The exchanges of energy and substance which have been 
postulated for heterochromatin from the evidence in points 
a—h above may be due to its supplying certain precursors 
of the flavoprotein and pyridinoprotein enzymes, and the 
AA. . .ATP system (the purines, pyrimidines, the pen- 
toses and the phosphoric acid molecules) or to its re- 
ceiving such precursors from the surrounding medium, 
or to both. 

The contention that chromonucleic acid may itself perform a 
function in intranuclear and O/R or phosphorylation reactions is 
contrary to present belief. Painter refers to the chromonucleotides 
as inactivated enzymes (115). But, aside from the absence from 
the nucleus of the essential mechanisms of oxidation in the flavo- 
and pyridinoprotein enzymes, namely alloxazine and the pyridine 
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rings, there is no direct proof for this assumption. For one thing, 
the chromonucleic acid equivalent of adenylic acid inside the nu- 
cleus could function as a carrier enzyme in phosphorylation-oxida- 
tion reactions. It does not seem to me that the negative considera- 
tions stand very strongly in the way of an assumption which would 
go far to explain the integrated and interconnecting body of facts 
and currently accepted beliefs listed above. 

In discussing the theoretical problems of protein reduplication 
in chromosome reproduction and gene reduplication, Gulick (59) 
stresses that the formation of peptide linkage between amino acids 
is an endothermic reaction which would require energy from an 
outside source. He suggests that the necessary peptide linkage 
might be effected by an exothermic oxidative dehydrogenation of 
amino aldehyde, or by phosphoric synthesis, which may take place 
without addition of energy from the outside. Under the interpre- 
tation in this paper nucleic acid could have a role in either process. 

The argument may be restated. The chief chemical affinities of 
chromonucleic acid are with the O/R enzymes and the AA. . .ATP 
system. The consistent orientation to the surfaces of structures 
of which it is part may be due (a) to the intranuclear function of 
chromonucleic acid as an O/R-transphosphorylation agency, or 
(b) to the fact that it is supplying certain precursors of the flavo- 
protein and pyridine enzymes and the AA. . .ATP systems, in- 
cluding those common denominators, the phosphate bonds; or, 
(c) it may be receiving such precursors from the surrounding 
milieu; or (d) any combination of the above functions may be 
occurring, simultaneously or cyclically. 

One over-all cycle has been established with some certainty, and 
that is the plasmochromonucleic acid shuttle. Plasmonucleic acid 
is apparently converted across the nuclear membrane to chromo- 
nucleic acid, and at the nucleolus, or across its membrane, back to 
plasmonucleic acid, which is in one way or another returned to the 
cytoplasm. 

The heterochromatin-nucleolus-ribose nucleic acid mechanism of 
Caspersson and Painter, oriented in terms of cell polarity, may 
perhaps be clarified as a circuit in space—at the centromere and 
possibly telomere regions there is a change from plasmo- to 
chromonucleic acid. The heterochromatin in these regions may 
best be interpreted as an index of this and other related activity. 
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I have stated that on the ground of their topography and behavior, 
chromosomes seem to function as pathways of transfer of energy 
and/or substance between the cytoplasm and nucleolus. One of 
the possibilities we should consider is that conversion of plasmo- 
to chromonucleic acid at the heterochromatic centromere and 
possibly telomere loci is in one aspect, at least, an oxidation, and 
since the reverse conversion from chromo- to plasmonucleic acid is 
a reduction, such transfer may conceivably itself be an oxidation- 
reduction system, occurring in a chain of H and electron transfer 
along the length of the chromonemata. 

Again, the distribution of AA. . .ATP and phosphate molecules, 
and of the phosphatase enzymes (35, 83) all along the length of 
this tract (in the salivary gland chromosome), at least permits the 
supposition that phosphate bond transfer can also thus be taking 
place, when it is remembered how integrated O/R and phos- 
phorylation systems are. 

The function of chromonemata as chains of energy transfer would 
fit in well with the mechanical and chemical requirements of 
Janssen’s ingenious hypothesis (83). In this the polymerized 
nucleotide with its adjunct proteins serves both as a mold and as 
a synthetic mechanism in which the polypeptide chain is produced 
by “a wave of oxidation, reduction and condensation”. This 
hypothesis is in the realm of pure theory, but, as Gulick comments, 
“It is particularly interesting that Janssen envisages the systematic 
production of a protein (nucleic acid) mold”. The work of Avery 
and his associates (1) seems to indicate that pure chromonucleic 
acid, freed of all associated substances, can preside over the syn- 
thesis of polysaccharides. Polysaccharide synthesis requires ~ ph 
bonds, and when these are present, energy does not have to be 
supplied (59). This little constellation of mingled truth and con- 
jecture contains one highly important inference—the nucleic acids 
may be the only substances in the organic kingdom which can both 
engineer the synthesis of the larger molecules and at the same time 
provide the necessary energy. 

Still, at the time of writing, protein synthesis by pure nucleic 
acid has not been demonstrated, and it seems a little incredible in 
the framework of our present knowledge that a compound so rela- 
tively standard to all forms can be responsible for creating the in- 
finite variety, complexity, and cell and species specificity of pro- 
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teins. If it is the responsible agent, then we must somehow 
attribute its versatility in synthesis to stereoisomerism. At the 
present stage this is a very generalized supposition, lacking re- 
enforcement by any plausibly detailed theory such as Janssen’s. 

For the present, then, I shall continue with the thesis that the 
relative isolation of the nucleic acid constituents, the pentoses, the 
purines and the pyrimidines, from the turnover of protein and fat 
metabolism, argues for their dedication to a specific purpose, and 
that chromonucleic acid in the nucleus may be chiefly concerned, as 
seems likely for the plasmonucleic acid of the cytoplasm, with the 
transactions of energy metabolism. 

From this comes a further elucidation of the possible role of 
heterochromatin. As a condensation of nucleic acid near an 
interface its function in regulating protein metabolism may be due 
to a more direct control of the intermediary energy metabolism— 
that is, over the wheels which drive the factory rather than with 
the direct processing itself. Within the lifetime of the cell this 
function would naturally never completely be suspended. The 
great importance of the role of the nuclear membrane in mitosis, 
which it has been one of my tasks to emphasize, may be due to the 
fact thet energy transfers are then taking place which are part of 
the complicated and little understood mitotic mechanism. The 
condensation of chromosomes at metaphase may be directly corre- 
lated with the energy changes which must be taking place in their 
at least partly autonomous movement to the poles. Autonomous 
chromosome movements have recently been reviewed with new 
examples by Hughes-Schrader (73). Phosphate bond transfer, 
which is known to furnish the energy for muscle contraction and 
the transport of glucose across organ membranes, may be the im- 
portant energy source in chromosome movements during mitosis. 
Krugelis (83) advances this suggestion. In discussing the action 
of alkaline phosphatase localized on chromosomes, she remarks, 
“while it is also obvious that catalysis of the synthesis of mononu- 
cleotide by phosphomonesterase is an essential step in nucleic acid 
synthesis, one’s attention . . . tends to focus on the possibility of 
dephosphorylation of nucleotide as a source for nuclear and cyto- 
plasmic reactions . . . the actual availability of energy for such cyclic 
nuclear mechanical processes as chromosome coiling and mitotic 
movements may be dependent upon a cycle of binding and release 
of mononucleotide from its nucleic acid storehouse”. 
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In the present paper I have proposed a new definition of hetero- 
chromatin, namely, that it is a differentiation in the nucleic acid 
cycle and/or content, usually owing to interface location. I have 
tried to show that its consistent tendency to peripheral location is 
also shared by most chromatin at the maximum stage in con- 
densation. When it is recognized that such a state or stage is in 
some way concerned with transfers of energy and/or substance 
across a membrane, we can find sound common sense basis for the 
affinities between nucleic acid and the O/R-AA. . .ATP systems. 


The Nature of Enzymes as Related to the Problem of Hetero- 
chromatin—the Polygene Concept 


By way of transition to the next point I should like to stress three 
aspects of our present views concerning the nature of enzymes. 
First, “They appear to be definitely localized in the cell” (103) ; 
in many cases they are known to be identical, or closely associated 
with definite cell structures. The relationship between myosin and 
adenosine triphosphatase is a case in point (48, 49, 144). There 
are many others. Green (57) is even willing to admit visual 
purple as an enzyme because it is a conjugated protein with 
vitamin-A as a prosthetic group. Second, “Cell structure plays a 
major role in the orientation of cellular metabolic systems, par- 
ticularly those concerned with oxidation” (32). Third, “The 
concept of what an enzyme is has in recent vears been very greatly 
extended”. Green (57) holds that “any protein which uniquely 
performs some specialized function should earn the title of enzyme”, 
and he believes that hormone activity will eventually be shown to 
be enzymic in nature, in the same way as vitamin activity. Such 
an interpretation brings in carriers and co-enzymes. The inorganic 
ions, such as Ca++, Zn++ and Cu-+, are known co-factors or 
adjuvants of enzymes; therefore the possibility suggests itself of 
thinking in terms of the enzyme system as a whole, including not 
only proteins, but all catalytically functioning trace elements. 
Third, the idea that genes and enzymes are related and in cases 
even identical has long been entertained. The classical megamolec- 
ular autosynthetic nucleoprotein gene consists of conjugated proteins 
with a prosthetic group. So do the O/R enzymes. If in frank 
speculation we carry over the extended viewpoint which has 
developed in the field of enzymology to the still purely speculative 
field of physiological genetics, we may effect a very useful synthesis. 
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At the purely genetic level of investigation it was concluded by 
Darlington and others, from the fact that the so-called inert genes 
are not indispensable but are at the same time useful, that their 
activity is non-specific, taking place “indiscriminately in all gene 
and cell reactions” rather than “in a series of specific reactions 
co-ordinated in time and space”, as in the case with the detectable 
active Mendelian genes. This view is basic to Mather’s polygene 
concept. In this interpretation genes are of two types, the active 
saltational oligogenes producing specific discontinuous and readily 
detectable phenotypic effects, and exhibiting Mendelian ratios, and 
the non-specific polygenes which produce small similar additive 
effects and hence are individually non-detectable, and give rise to 
discontinuous variation. The former, Mather associates with 
euchromatin. The latter would be located in those regions involved 
in energy transfers across an interface. 

If the concept of a polygene can be extended to include the 
phosphate bonds and the nucleotide elements concerned in O/R 
systems, the reason for the cumulative nature, the non-specificity 
and the undetectable nature of these polygenes becomes clear at 
once. They may be compounds involved in the energy transactions 
of the cell, which are chiefly assumed by intermediate carbohydrate 
metabolism. Such elements would necessarily be non-specific, 
undetectable, cumulative in effect and productive of continuous 
variation. They would play the same role in cellular metabolism 
that the energy sources play in a manufacturing process. The 
active oligogenes, on the other hand, may be those which produce 
specific alterations in protein synthesis perceptible as marked altera- 
tions in the phenotype. They would then be comparable to agencies 
effecting changes in the processing machinery itself. 

To repeat, if we broaden our concept of the gene, as the enzyme 
concept may be broadened, then the various compounds which may 
enter the O/R-AA. . .ATP systems across the membrane at the 
loci where the chromosomes lie near or in contact with it, may be 
genes in their own right. The location of the gene adenineless 
very close to the centromere region in three chromosomes of the 
tentative Neurospora map (8) may be part of this picture. As 
pointed out above, the centromere regions in these chromosomes are 
located at the apex of a pear-shaped nucleus; that is, they are most 
likely on or near the nuclear periphery. Granting that this has 
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the significance that this gene is located where the exchange of 
AA. . .ATP precursors would be likely to occur, then the gene 
for adenineless might turn out to be nothing more complicated than 
the absence of adenine in effective quantities, and conversely, the 
gene for adenine, the presence of effective quantities of adenine 
itself. 

I am not proposing so radical an extension of our views, but 
rather, proposing its discussion and pointing out that if polygenes 
should prove to be varying quantities of individual molecules, the 
spectrum of the gene concept may range from the infinitesimal of 
ion-catalysts or co-factors, through phosphate molecules, through 
the purine-pyrimidine, nucleoside, nucleotide hierarchies (e¢.., 
through adenine, adenosine, and adenylic acid), with incrementally 
greater effects to the conventional autosynthetic protein mega- 
molecules which produce visible phenotypic changes. 

In any case, however, the following assumption appears reason- 
able. The regions in the neighborhood of the centromere which 
are presumably liaison regions, and the heterochromatic chromo- 
somes, which have been found to lie on or near the nuclear mem- 
brane, are largely polygenic in genetic make-up; it may be that 
polygenes are for the most part concerned with the catalysts and 
enzymes of the O/R—phosphorylation systems. The euchro- 
matic regions, on the other hand, are predominantly occupied by 
saltational genes which presumably exercise control over enzyme 
systems directly involved in the more specific processes of protein 
synthesis. 

This assumption would explain a number of the functions and 
characteristics of heterochromatin which have thus far remained 
undiscussed or incompletely treated. The non-specificity of hetero- 
chromatin may have several different aspects: (a) it could be due 
to the nature of heterochromatin as a region of “specialization in 
performing a function also performed by all the other genes, 
namely, nucleic acid synthesis” (IV B, 1); (0) a very few active 
saltational genes are located in this region; the important substance 
seems to be chromonucleic acid itself rather than the protein mole- 
cule to which oligogene specificity and individuality may be owing; 
(c) the polygenes of this region may actually be the nucleic acid 
precursors of the O/R-phosphorylation systems in the cytoplasm, 
and their non-specific cumulative nature due to their role in energy 
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metabolism, the general patterns and substances of which are com- 
mon to all cells and the effects of which would be more quantita- 
tive than qualitative. Thus non-specificity, reduplication (IV, A), 
greater simplicity (lesser differentiation) and having an archi- 
tecture of similar units (IV, M) may all be different aspects of 
chromonucleic acid synthesis, concentration and greater importance 
to cytoplasmic metabolism at these liaison regions. 

The increase of nuclear and nucleolar size with increased amount 
of heterochromatin may be a consequence of this role, while the 
accelerating influence of metabolism and its greater effects on 
nuclear and nucleolar size than euchromatin may be due to both 
this same role in energy metabolism and also to a more strategical 
location near the cyto- and nucleoplasm. The role of hetero- 
chromatin in protein synthesis may be essentially intermediary 
through a more pronounced influence upon carbohydrate metabo- 
lism; moreover, that the basic cytoplasm is a product of hetero- 
chromatin would only indirectly be true, in much the same sense 
that processed goods are products of the coal-pile consumed in their 
manufacture. 

The concentration of plasmonucleotides around the nuclear mem- 
branes and the link between nucleic acid components and the 
respiratory enzymes as | have noted, checks with an older finding 
of Lillie (88) that the region around the nuclear membrane is a 
region of greater oxidation activity. 

Throughout the literature on the effects of heterochromatin on 
variegation there is a tendency to explain certain facts on the basis 
of its relative proportions to euchromatin. If heterochromatin has 
an accelerating effect on metabolism in comparison to euchromatin, 
then changes in their relative proportions during development may 
produce differentials in rate of gene and/or enzyme action, with 
resulting phenotypic mottling. The basis for this is suggested by 
the fact established in IV D4. Gulick (59) suggests the possibility 
that heterochromatin contains pace-making genes which contro! the 
rate of activity of other genes. The view advanced here is more 
direct, namely, the possible identification of the changes of pace 
with changes in quantity of O/R phosphorylation precursors, and 
the possible identification of the genes responsible (polygenes) with 
the precursors themselves, or combinations of such precursors. 
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Heterochromatin and Neoplasia 


This last point leads directly to a major problem in the role of 
heterochromatin in neoplasia. In his ideas above, Gulick reflects 
the classical genetic viewpoint and invokes the presence of con- 
trolling genes to account for the effects of heterochromatin. The 
definition of liaison heterochromatin presents another, and from a 
dynamic standpoint, more plausible alternative. The sensitivity 
of polygenic systems to environmental change (IV, C) is probably 
owing to a combination of direct sensitivity of cytoplasmic energy 
metabolism to external conditions and the sensitivity of hetero- 
chromatic regions themselves to environmental change. In brief, 
these may be regions where epigenetic rather than the classically 
genetic influences are in operation. 

Koller (80) attributes malignancy to quantitative changes in 
nucleic acid synthesis leading to disturbance of the hetero-euchro- 
matin balance, which in turn causes increased division rate. But 
it will be evident when heterochromatin regions are oriented in 
space and viewed as liaison regions with nucleolus and cytoplasm 
that we are dealing with a circuit, and to pin responsibility for 
malignancy down to any one point on the cytoplasm-chromocenter- 
heterochromatin-euchromatin-nucleolar heterochromatin-nucleolus 
circuit would involve more extensive research and more exact 
methods than have yet been possible. I submit for consideration 
by those more competent than I to discuss it, the following per-over- 
simplified view concerning neoplasia : 

(1) The common denominator in malignancy seems to be an 
abnormal rate of cell division. 

(2) In all malignant cells whose metabolism has been studied 
there is an increased amount of glycolysis (121). 

(3) Malignancy is accompanied by definite observable changes 
in the nucleolus and heterochromatin, and often by an 
increase in the amount of nuclear chromatin (141, 80). 

These facts seem to add up to the fundamental cause as an 
interference with the normal energy metabolism of the cell as it is 
regulated by the organism as a whole. But the evidence does not 
yet warrant our saying at what point this interference occurs or is 
most effective. In other words, a disturbance in energy-metabol- 
ism in the cytoplasm of malignant cells may be just as much a 
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causative or controlling factor as the abnormal conditions existing 
within the nucleus. 

I shall postpone a discussion of spiralization in heterochromatin 
to the series of papers on Orthopteran spermatogenesis which will 
follow this paper. 

Non-homologous Associations 

The remaining peculiarity of heterochromatin—its tendency to 
non-homologous association—cannot be explained by any of the 
evidence which has here been assembled. There are many plausi- 
ble explanations other than the postulated conjugation of similar 
genes: 

(a) These regions may be transition areas between poly- 
merized and non-polymerized states which would exhibit 
greater stickiness. 

(b) They may be regions where relations with the surfaces 
abolish charges which normally cause repulsion between 
non-homologous chromosomes. 

(c) They may be regions where the chromosomal sheath is 
absent or very reduced, exposing the nucleic acid elements 
so that they tend to associate when in contact. 

(d) If, as Ribbands has shown, the affinity is not due to 
heterochromatin as such, but to centromere and telomere 
loci, and centromeres and telomeres are in rapport with 
the cytoplasmic environment, then such associations may 
conceivably be due to their joint relations with a common 
cytoplasmic influence. The intimate relation between 
heterochromatic regions and the cytoplasmic components 
in the germ cells of many animals illustrates this possi- 
bility. 

No really critical evidence is at hand for electing any one or any 
combination of these possible reasons. Investigations both critically 
specific and broadly comparative will be necessary to my final 
answer. 

Yet I have the feeling that (d) is nearest the answer and that 
isolation and concentration on one or two characters may obscure 
a higher truth that has long been hidden in a forest of detail. Non- 
homologous associations are merely part of a chain of structures 
which reflect the particular way the cell conducts its energy rela- 
tions. Stated in another way, these associations are integrated 
and regulated by the particular energy system of the cell itself. 
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Thus in Drosophila the heterochromatic regions, which may be 
reservoirs and distributing centers of phosphate bonds and the 
precursors of the O/R-AA. . .ATP systems, are like so many 
banks located in one large city, the chromocenter. The three- 
dimensional picture of this cell is usually obscured by smearing 
techniques. It may be compared to a large spider encased in a 
glass sphere, suspended by its body from the upper inner surface. 
The eccentric chromocenter resembles the body from which the 
autosomal chromosomes radiate like legs. According to Emmens 
(47), these are applied closely to the nuclear membrane, with some 
coiling into the center. On the other hand, according to Buck and 
Boche (19), in the living condition they fill the nucleus completely, 
so that the exterior boundaries appear turgidly appressed against 
the membrane. Emmens’ conclusions were drawn from iron 
haematoxylin sections which, despite their more radical distortion 
of the cell, may serve better to reveal connections between struc- 
tures. Underneath the nucleus, like the egg sac of a wolf spider 
carried beneath the body, is the nucleolus, attached to the small 
sex chromosomes as an egg sac might be held by specialized palps. 
In Chironomus and Sciara, on the other hand, the liaison regions 
are separate; to revert to the preceding comparison, the member 
banks are located in different places, rather than in one metropolis. 
We find the same variations in the plant kingdom, from individual 
chromocenters to varying agglomerations of these, as in Collinsia 
(63). All are modifications of a basic type of organization. It 
would be of interest, by intensive localization studies in the cyto- 
plasm of these differing types, to see whether there is any corre- 
sponding difference in the topography of the cytoplasmic elements. 


SUMMARY 
The Cell as an Energy Transformer 

I have now completed my task of reviewing the various defini- 
tions of heterochromatin in the light of its distribution in the cell, 
and its relation to cell and chromosome polariy. I have progres- 
sively altered: Pontecorvo’s definition to one implying the nature of 
heterochromatin as “liaison chromatin”, the term suggested by 
Dr. Nelsen. And I have shown how the concept may unify and 
clarify an otherwise heterogeneous and disconnected body of details 
concerning its properties and functions. 
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Throughout I have found a theme emerging which, as a pure 
morphological cytologist, I only imperfectly discerned when this 
study was first undertaken—the simple underlying nature of the 
cell as an energy transformer. Of this I had had glimpses, how- 
ever, and this paper in its original form, as submitted to Dr. Metz 
in 1942, stressed the nature of heterochromatic structures as 
liaison regions, and of chromosomes as pathways for the transfer 
of energy and substance. What emerges most vividly is the 
probability that, had we gained our knowledge of the cell at the 
molecular level, and could not view the higher integrations with 
which cytology is concerned, nevertheless it might be possible to 
predict from the properties of nucleotides and nucleic acids, of what 
sort of structures they would form a part, and what functions they 
would perform. Because the nucleotides and phosphoric acid are 
parts of the O/R-phosphorylation systems ; because chromonucleic 
acid has the property of polymerization ; because it is presumably a 
prosthetic group of megamolecular genes; because both nucleic 
acids are part of the autosynthetic virus nucleoproteins ; and because 
of the critical evidence of Avery et al. (1) that pure nucleic acid is 
at least capable of carbohydrate synthesis, it might be deduced a 
priori that chromonucleic acid could take part in structures possess- 
ing combinations of the following functions: 

(a) Participation in energy metabolism through its com- 
ponents acting as catalysts or precursors of catalysts, 

(1) in cytoplasmic metabolism 
(2) in intranuclear autosynthetic and gene/enzyme 
activity. 

(b) Service as pathways for the distribution of energy and 
substance, such as electron and H transfer. Under this 
head there are other possibilities. See, for instance, the 
generalized speculations on interatomic and intramolecular 
systems advanced by Bateman in Hober’s symposium 
(3) ; and also the suggestions of Szent Gydérgyi (143). 

(c) Participation in gene structure and action 

(1) With nucleic acid as prosthetic group 
(2) With nucleic acid performing the actual syn- 
thesis (Janssen’s hypothesis). 


(3) Through its function in energy metabolism as 
in b(1). 
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Bateman (3) advises us “to discern in the specificity of collodial 
systems the emergence of new qualities which depend for their 
very existence upon an intrinsic tendency of matter to become 
oriented both in the geometrical or morphological sense and in the 
sense of a correlated localization of energy transfer”. The possi- 
bility that the cell is an expression at the microscopic level of this 
tendency of integration is basic to the present hypothesis. 

Assuming that future researches do confirm the main tenets of 
this hypothesis, what is its value? For one thing, it is a unifying 
principle. As was stated in the introduction, the various disciplines 
have been tunnelling separately into the problem of cell structure 
and physiology. This assumption unites and makes more useful 
a number of their separate findings. Child’s antero-posterior 
metabolic gradient and surface-interior gradients in the cell would 
parallel the morphologic differentiations implied in the term “‘cell 
polarity”. The difference between heterochromatin and euchro- 
matin, and between polygenes and oligogenes, would be oriented 
in this framework, as would Painter’s cytoplasm—heterochromatin 
—nucleolus—cytoplasm cycle. The established link between the 
O/R enzymes and vitamins is helpfully reenforced by the existence 
of a link between nucleic acid and the O/-phosphorylation mechan- 
ism. This would tie in with the circumnuclear distribution of 
ribonucleic acid, the perinuclear distribution of heterochromatin, 
and the polar differences in chromocenter size and number ; a very 
useful pattern would thus emerge, in which cell topography would 
become more closely united with cell dynamics. It may help ex- 
plain why genes, enzymes and viruses have a common type of 
structure, with nucleic acid united to proteins as a prosthetic 
group. It may also explain in part the role of the nucleic acids 
in neoplasia. 

Again, in the distribution of nucleic acids in the cell, and with 
great clarity in the nucleus itself, we may be viewing the actual 
pathways by which the cell conducts its energy relations. The 
various forms which chromatin assumes, and the changes which 
it undergoes in the mitotic cycle, may really be a shifting series 
of pathways along which transfers of energy and substance are 
taking place between chromosomes and karyolymph and between 
nucleus and cytoplasm. 

Such a concept would be of value in the pedagogy of cell struc- 
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ture and mitosis at all levels of instruction. The picture of the 
cell that we give to students in our elementary texts is unnecessarily 
static and lacking in orientation. Even in advanced courses in 
cytology and genetics, the student receives the impression of 
chromosomes floating about at random in the nucleus and mys- 
teriously exerting their genetic influence across the nuclear space 
like so many suspended Svengalis. If the visible substance, nu- 
cleic acid, is involved in O/R-phosphorylation reactions, by which 
pH bond energy is generated along O/R pathways, then in its 
polarization in space, and its orderly behavior in time, we are 
looking at the cell in its actual functioning as an energy-transformer. 
Moreover, the whole cell should be so regarded and its morphology 
so taught. In developing his concept of “functional proteins”, 
Green (57) points out that the various structures of the cell are 
also energy transformers; thus myosin converts chemical energy 
into mechanical energy, and visual purple converts light energy 
into chemical energy. Enzymes themselves, according to Green, 
“may ultimately turn out to be the energy transformers and con- 
verters of the cell’. 

As a corollary of the above, verification of the present hypothesis 
would call for a review and overhauling of the whole field of 
classical cytology. Many structures, configurations and sequences 
now without any apparent functional basis might be understood 
and much complicated and unconnected detail reduced to simpler 
terms and subsumed under a few simple principles which would 
better fit this discipline for the real task which lies ahead of it, 
namely, integration with the findings in the rapidly developing 
fields of enzyme chemistry and physiological genetics. Much the 
same service would be rendered to histology. 

Pure descriptive cytology and histology are at present in a state 
of desuetude. I believe this is because of lack of simple principles 
governing the mass of topographic detail, and because cytology is 
organized as a handmaiden of genetics, and histology as an adjunct 
of pathology. If chromatin and chromosomes are shown to be 
lines of energy transfer and a part of the O/R phosphorylation 
mechanism for generating energy, then it will be seen that the 
accurate mapping of cytonuclear topography, not only in individual 
cells but in whole tissues, and not only in tissues but in successive 
stages of tissue development during embryogenesis and regenera- 
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tion, is a task which remains to the pure descriptive microscopist. 
This information is vitally necessary to the development of physio- 
logical genetics, more specifically, to phenogenetics, and to a better 
knowledge and understanding of the forces and factors in operation 
during morphogenesis. Demonstration of the validity of this 
hypothesis, then, should stimulate the foundation and growth of a 
new branch of microscopical science, embracing both cytology and 
histology—a discipline which I believe is best designated by the 
term “cellular logistics”. It is for this reason that I consider this 
and the preceding contribution as first papers in cellular logistics. 
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SEVENTH INTERNATIONAL BOTANICAL CONGRESS, 


StocKHotM, 1950 


The Seventh International Botanical Congress will be held in 
Stockholm between July 12 and 20, 1950. Presessional excursions 
will start on June 27 and postsessional will end on August 9. Com- 
munication No. 2 from the Organizing Committee containing the 
preliminary outline of the program during the meetings and the 
preliminary plans for the excursions can be obtained from the Sec- 
retary General Dr. Ewert Aberg, Uppsala 7, Sweden. 
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